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Spin Hall effects are a collection of relativistic spin-orbit coupling phenomena in which electrical
currents can generate transverse spin currents and vice versa. Although first observed only a
decade ago, these effects are already ubiquitous within spintronics as standard spin-current gener-
ators and detectors. Here we review the experimental and theoretical results that have established
this sub-field of spintronics. We focus on the results that have converged to give us a clear under-
standing of the phenomena and how they have evolved from a qualitative to a more quantitative
measurement of spin-currents and their associated spin-accumulation. Within the experimental
framework, we review optical, transport, and magnetization-dynamics based measurements and
link them to both phenomenological and microscopic theories of the effect. Within the theoreti-
cal framework, we review the basic mechanisms in both the extrinsic and intrinsic regime which
are linked to the mechanisms present in their closely related phenomenon in ferromagnets, the
anomalous Hall effect. We also review the connection to the phenomenological treatment based
on spin-diffusion equations applicable to certain regimes, as well as the spin-pumping theory of
spin-generation which has proven important in the measurements of the spin Hall angle. We
further connect the spin-current generating spin Hall effect to the inverse spin galvanic effect,
which often accompanies the SHE, in which an electrical current induces a non-equilibirum spin
polarization. These effects share common microscopic origins and can exhibit similar symmetries
when present in ferromagnetic/non-magnetic structures through their induced current-driven spin
torques. Although we give a short chronological overview of the evolution of this field, the main
body of this review is structured from a pedagogical point of view, focusing on well-established
and accepted physics. In such a young field, there remains much to be understood and explored,
hence we outline from our own perspective some of the future challenges and opportunities of this
rapidly evolving area of spintronics.
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I. INTRODUCTION
Spintronics is a field that jointly utilizes the spin and
charge degrees of freedom to control equilibrium and non-
equilibrium properties of materials and devices (Bader
and Parkin, 2010; Wolf et al., 2001; Zutic et al., 2004).
The generation, manipulation, and detection of spin-
currents is one of the key aspects of the field of spintron-
ics. Among the several possibilities to create and con-
trol spin-currents the spin Hall effect (SHE) has gained
its distinct place since its first observation a decade ago
(Day, 2005; Kato et al., 2004b; Wunderlich et al., 2004,
2005). In the direct SHE, an electrical current passing
through a material with relativistic spin-orbit coupling
can generate a transverse pure spin-current polarized per-
pendicular to the plane defined by the charge and spin-
current. Its reciprocal effect, the so called inverse SHE
(ISHE), is the phenomenon in which a pure spin-current
through the material generates a transverse charge cur-
rent.
The SHE borrows its concept from the well established
anomalous Hall effect (AHE) where relativistic spin-orbit
coupling generates an asymmetric deflection of the charge
carriers depending on their spin direction (Nagaosa et al.,
2010). The AHE can be detected electrically in a ferro-
magnet (FM) via a transverse voltage because of the dif-
ference in population of majority and minority carriers.
The generalization of this effect to a pure spin-current
generated by the SHE in a non-magnetic material (NM)
was proposed over four decades ago (Dyakonov and Perel,
1971b) based on the idea of asymmetric Mott scattering
(Mott, 1929). This so called extrinsic SHE remained un-
explored until recent proposals that put forward a similar
prediction (Hirsch, 1999; Zhang, 2000) as well as the pos-
sibility of a strong intrinsic effect (Murakami et al., 2003;
Sinova et al., 2004).
The initial challenge for SHE detection was primarily
the lack of direct electrical signals; therefore initial exper-
iments detected it by optical means, both in the extrin-
sic regime (Kato et al., 2004b) and the intrinsic regime
(Wunderlich et al., 2004, 2005). The ISHE was detected
soon thereafter (Saitoh et al., 2006; Valenzuela and Tin-
kham, 2006; Zhao et al., 2006). Early measurements were
mostly qualitative. However, more accurate quantitative
measurements of spin Hall angles have been established
in later experiments through the aid of FM detectors in
static or dynamic magnetization regimes, and a much
firmer situation has arisen in the field.
Adding to this flurry of activity and increased under-
standing, recent experiments in magnetic tunnel junc-
tions have aimed to use spin-currents injected from an
adjacent spin Hall NM for spin-transfer torque (STT)
switching of a FM (Liu et al., 2012; Miron et al., 2011a).
In addition to this SHE induced torque there is also
a spin-orbit torque (SOT) (Bernevig and Vafek, 2005;
Chernyshov et al., 2009), which is generated via the in-
verse spin galvanic effect (ISGE) (Belkov and Ganichev,
2008). In the ISGE, a charge current can generate a
non-equilibrium homogeneous spin-polarization via rela-
tivistic spin-orbit coupling and it is often a companion
effect to the spin-current generating SHE (Kato et al.,
2004b,c; Wunderlich et al., 2004, 2005). These results
underscore the relevance of the SHE for applications.
As already mentioned, the SHE borrows directly from
the physics and mechanisms of the AHE and correspond-
ingly much of their descriptions are parallel. The family
of these three key spin-dependent Hall effects is illus-
trated in Fig. 1. The important caveat is that, unlike
the AHE which correlates charge degrees of freedom via
relativistic spin-orbit interaction, the SHE and ISHE cor-
relate the charge degree of freedom, a conserved quantity,
and the spin degree of freedom, a non-conserved quantity
subject to decay and dephasing.
magnetic Mz≠0
optical detection
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non-magnetic Mz=0 non-magnetic Mz=0
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FIG. 1 An illustration of the connected family of the spin-
dependent Hall effects. In the AHE, a charge current gen-
erates a polarized transverse charge current. In the SHE an
unpolarized charge current generates a transverse pure spin-
current. In the ISHE a pure spin-current generates a trans-
verse charge current.
3The aim of this review is to survey the rapid develop-
ments of the SHE field, to give an overview of its current
experimental understanding, the basic theoretical tools
that are being applied to describe it and their current
level of success and limitations, the connection to impor-
tant related phenomena, as well as the potential of the
SHE for applications, particularly in the area of magne-
tization dynamics.
Given the enormous work that has been done in just a
decade, we can only highlight what we have deemed the
reports that have contributed significantly to the field.
As with any review we are shackled by our own views and
the reader interested in this field should complement this
reading with other recent reviews of the subject, such
as (Culcer, 2009; Hankiewicz and Vignale, 2009; Hoff-
mann, 2013; Jungwirth et al., 2012; Maekawa and Taka-
hashi, 2012; Raimondi et al., 2012; Sinova and MacDon-
ald, 2008; Valenzuela and Kimura, 2012; Vignale, 2010).
II. OVERVIEW
In this section we provide an overview that starts from
the original seeds of the SHE field and connects after-
wards to the broader context of the phenomenon within
spintronics. The overview is organized as follows: First
we look back to how the Mott scattering of electron
beams in vacuum and the skew scattering of electrons in
FMs germinated into the prediction of the extrinsic SHE
in NMs. Second we discuss that in a solid-state system
there is in addition an intrinsic spin-deflection, arising
from the internal spin-orbit coupling forces in a perfect
crystal. This key distinction from electrons in a vacuum
makes the spin-dependent Hall physics in condensed mat-
ter systems much richer. We also note here the connec-
tion of this intrinsic mechanism to the quantum Hall ef-
fects. Third, we summarize studies of spin injection and
detection in hybrid FM/NM structures, which were par-
ticularly impactful on the research of SHE. Here we high-
light DC transport as well as AC ferromagnetic resonance
(FMR) experiments. Finally, we connect the physics of
the SHE, which considers pure spin-currents and non-
uniform spin accumulations, to the physics of the spin
galvanic effects. The latter effects represents a seemingly
distinct family of relativistic phenomena relating to the
generation or detection of uniform non-equilibrium spin-
polarizations. However, as we point out, the spin Hall
and spin galvanic effects can have common features in
their microscopic physical origins and both can generate
current-induced torques in magnets. These two relativis-
tic effects are now at the forefront of current-induced
magnetization dynamics research aimed at future spin-
tronic technologies.
A. Spin Hall, anomalous Hall, and Mott polarimetry
In their original work, Dyakonov and Perel, 1971b re-
ferred to the phenomena of Mott scattering (Mott, 1929)
and of the AHE (Hall, 1881) to theoretically predict the
extrinsic SHE. In particular, they pointed out the fol-
lowing: (i) Spin-dependent asymmetric deflection is ob-
served in electron beams in vacuum due to Mott scatter-
ing (Gay and Dunning, 1992; Mott, 1929, 1932; Shull
et al., 1943). (ii) Mott’s skew scattering is regarded
among the origins of the AHE of electron carriers in
FMs (Berger, 1979; Karplus and Luttinger, 1954; Na-
gaosa et al., 2010; Smit, 1955, 1958). The two points
imply that under an applied electrical current, asym-
metric spin-dependent deflection should occur in NMs.
Unlike in FMs, NMs in equilibrium have the same num-
ber of spin-up and spin-down electrons and no transverse
charge imbalance will occur. Instead, the SHE generates
an edge spin-accumulation that has opposite polarization
at opposite edges.
Let us now explore the Mott scattering seed of the
SHE in more detail. Mott proposed its scattering ex-
periment (Mott, 1929, 1932) to provide a direct evidence
that spin, inferred four years earlier from atomic spectra
(Uhlenbeck and Goudsmit, 1925), is an intrinsic prop-
erty of a free electron. Mott anchored his proposal in the
then recently derived Dirac equation (Dirac, 1928). The
ensuing quest for the experimental verification of Mott
scattering (Shull et al., 1943) was among the founding
pillars not only for verifying the electron spin but over
the entire relativistic quantum mechanics concept. Since
Mott scattering of electron beams from heavy nuclei in a
vacuum chamber can be regarded as the SHE in a non-
solid-state environment, the seeds of the SHE date back
to the very foundations of the electron spin and relativis-
tic quantum mechanics.
Figure 2(a) shows Mott, 1929 double-scattering exper-
iment proposal. First, an unpolarized beam of electrons
is scattered from heavy nuclei in a target. Because of the
relativistic spin-orbit coupling, large angle (∼ 90◦) scat-
tering from the first target produces a polarized beam
with the spin-polarization transverse to the scattering
plane. Scattering of these polarized electrons from the
second target results, again due to the spin-orbit cou-
pling, in a left-right scattering asymmetry that is propor-
tional to the polarization induced by the first scattering.
In a complete analogy to the Mott double-scattering ef-
fect, but instead of vacuum now considering a solid state
system, Hankiewicz et al., 2004 proposed an H-bar mi-
crodevice schematically shown in Fig. 2(b). An unpolar-
ized electrical current driven through the first leg of the
device generates a transverse spin-current due to the rel-
ativistic SHE. The spin-current injected into the second
leg generates, via the ISHE, an electrical current, or in
an open circuit geometry a voltage across the second leg.
This H-bar SHE/ISHE experiment has been realized in
a NM semiconductor by Bru¨ne et al., 2010.
In Fig. 2(c) we show an earlier variant of the double-
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FIG. 2 (a) Schematics of Mott, 1929 original double-
scattering proposal, (b) SHE/ISHE analogue of Mott double-
scattering in Hankiewicz et al., 2004 H-bar device, (c) SHE
(left) and ISHE (right) wired as proposed by Hirsch, 1999. In-
stead of directly injecting a spin-current generated in the SHE
part of the experiment, as suggested by Mott and by Han-
kiewicz et al., Hirsch considered that the pure spin-current is
generated from the opposite spin-accumulations at the edges
of the SHE part of the ”double-scattering” device. FSO rep-
resents an effective spin-orbit force that deflects the spins in
the SHE/ISHE. Panel (a) from Ref. Gay and Dunning, 1992.
scattering experiment proposed by Hirsch, 1999 for ob-
serving the SHE/ISHE in a solid state device. Instead
of considering the spin-current produced directly by the
charge current via the SHE, Hirsch focused on the edges
of the SHE sample. Here the transverse spin-current ac-
cumulates, forming a non-equilibrium spin polarization
of opposite sign at the two opposite edges. In NMs, the
non-equilibrium spin polarization corresponds to a split-
ting of the spin-up and spin-down chemical potentials.
When connecting the two edges, the gradient of the spin-
dependent chemical potentials will generate a circulating
spin-current which is then detected by the ISHE spin-
current meter inserted into the closed spin-current cir-
cuit. The idea for the experiment was borrowed from the
ordinary Hall effect (HE) in which opposite charge accu-
mulates at opposite edges due to the Lorentz force, and
the resulting electro-chemical potential gradient gener-
ates a circulating charge current when the two edges are
connected in the closed circuit geometry.
Realizing Hirsch, 1999 SHE/ISHE device remains a
challenge. Similarly to the Hankiewicz et al., 2004 de-
sign directly copying the Mott double-scattering experi-
ment, the wires connecting the SHE and ISHE parts of
Hirsch’s device have to be shorter than the characteris-
tic spin-conserving length-scale. The spin-orbit coupling
required for the SHE/ISHE in the first place, however,
tends to make the spin life-time short. The additional
complication is that the spin-orbit coupling also limits,
again via the finite spin life-time, the width of the sam-
ple edge with non-zero spin accumulation from which the
spin-current is extracted in Hirsch’s device proposal.
While difficult to realize experimentally, Hirsch’s con-
cept is stimulating for comprehending the general key
distinctions between charge and spin-current. Electron
charge is a conserved quantity but its spin direction is
not conserved. In the charge HE, the difference be-
tween electro-chemical potentials at the edges determines
the uniform charge current which in steady-state flows
through the closed circuit. In the SHE, on the other
hand, the spin-current in the connecting wire of Hirsch’s
device is not uniform and is not determined by the dif-
ference between the spin-dependent chemical potentials
at the left and right edges. It is determined by the lo-
cal gradient of the spin-dependent chemical potentials
which vanishes, i.e. also the spin-current vanishes, on
the length-scale given by the spin life-time. As long as
the connecting wire is longer than the characteristic spin-
conserving length-scale, there is no difference between a
closed and an open spin-current circuit.
Hirsch’s concept also points to the general applicability
of the ISHE as an electrical spin detector. Even in elec-
trically open circuits, the non-conserving, non-uniform
spin-current can still flow. It is then readily separated
from the charge current and can be detected by the
ISHE. The Mott polarimetry of electron beams in vac-
uum chambers and AHE polarimetry of charge currents
in itinerant magnets can, therefore, be complemented by
the ISHE polarimetry of pure spin-currents.
A spin-current in a NM of any origin (not only of the
SHE origin) can be detected by the ISHE. Indeed, ISHE
detectors of pure spin-currents became a standard mea-
surement tool. They led to, e.g., the discovery of the spin
Seebeck effect (Jaworski et al., 2010; Uchida et al., 2008,
2010) and helped establishing the emerging field of spin
caloritronics (Bauer et al., 2012).
Given the inherent challenges in realizing Hirsch’s de-
vice it is not surprising that experimentalists initially
avoided attempts to perform the SHE/ISHE ”double-
scattering” experiments and that the first observations
of the SHE (Kato et al., 2004b; Wunderlich et al., 2004,
2005) and ISHE (Saitoh et al., 2006; Valenzuela and Tin-
kham, 2006; Zhao et al., 2006) were made separately.
When the Hankiewicz et al., 2004 H-bar microdevice was
eventually realized in experiment by Bru¨ne et al., 2010,
both the SHE and ISHE had been already independently
established.
5B. Intrinsic spin Hall and quantum Hall effects
Remarkably, the H-bar experiment (Bru¨ne et al., 2010)
discussed in the previous subsection was performed in a
ballistic transport regime where the picture of Mott scat-
tering, single or double, did not apply. A fundamental
physics principle makes the SHE in solid-state systems
richer than in the Mott electron beams scattered from
spin-orbit coupled targets in vacuum chambers. For elec-
trons moving in a crystal, a transverse spin-dependent
velocity can be generated by the relativistic spin-orbit
field of a perfect crystal even in the absence of scatter-
ing. The roots of this intrinsic SHE are clearly distinct
from the Mott (skew) scattering AHE and from the Mott
scattering of free electron beams.
The reactive term responsible for the intrinsic SHE is
akin to the ordinary HE in which the transverse deflec-
tion of electrons is a reaction to the Lorentz force of the
applied magnetic field acting on the moving carriers (see
Fig. 3(a)). In strong magnetic fields, the quantum Hall
effect (QHE) becomes a precise, disorder-independent
measure of the quantum conductance e2/h, and the inte-
ger multiples of e2/h observed in the QHE correspond to
the number of occupied dissipationless chiral edge states
in the conductor (see Fig. 3(b)).
B (M )
HE(int.-AHE) int.-SHE
B
QHE QSHE
(a) (c)
(b) (d)
I I
FIG. 3 Schematics of the HE and the AHE (a), the QHE (b),
SHE (c), and the QSHE (d). In the HE and QHE, the carrier
deflection is a reaction to the Lorentz force. In the cases of
the intrinsic AHE, SHE and QSHE, the carriers experience
an internal spin-orbit force.
Besides the externally applied Lorentz force, electrons
moving in a crystal can experience an internal spin-orbit
force. The effect was first recognized in FMs where it
generates the intrinsic AHE (see Fig. 3(a)) (Jungwirth
et al., 2002; Karplus and Luttinger, 1954; Onoda and
Nagaosa, 2002). Murakami et al., 2003 and Sinova et al.,
2004 predicted that the same spin-orbit force derived di-
rectly from the relativistic band structure of a NM can
induce the SHE without involving Mott scattering (see
Fig. 3(c)). The first experimental observations confirmed
that the SHE can indeed have the two distinct origins.
While Wunderlich et al., 2004, 2005 ascribed the circu-
larly polarized luminescence signal from the edge of the
p-GaAs sample to the intrinsic SHE, Kato et al., 2004b
detected an edge Kerr rotation signal in n-GaAs due to
the extrinsic, skew-scattering SHE.
Following the discovery of the phenomenon, the SHE
experiments in semiconductors using optical spin detec-
tion have explored the basic phenomenologies of the ex-
trinsic and intrinsic SHEs (Chang et al., 2007; Kato et al.,
2004b; Matsuzaka et al., 2009; Nomura et al., 2005; Sih
et al., 2006, 2005; Stern et al., 2006, 2007, 2008; Wunder-
lich et al., 2004, 2005). They also experimentally demon-
strated the potential of the SHE as a spin-current source
(Sih et al., 2006). A two-color optical excitation tech-
nique with perpendicular linear polarizations of the inci-
dent laser beams was used to detect the ISHE in a semi-
conductor (Zhao et al., 2006). The spin-current produced
by the laser excitation is transferred due to the ISHE into
a transverse electrical current, resulting in a spatially de-
pendent charge accumulation which was detected by the
optical transmission signal of a probe laser beam. These
all-optical measurements in an intrinsic semiconductor
were eventually performed on timescales shorter than the
scattering time and have provided a direct demonstration
of the intrinsic SHE signal (Werake et al., 2011).
The intrinsic SHE proposal triggered an intense the-
oretical debate which is summarized in several review
articles (Culcer, 2009; Engel et al., 2006; Hankiewicz and
Vignale, 2009; Murakami, 2005; Raimondi et al., 2012;
Schliemann, 2006; Sinova and MacDonald, 2008; Sinova
et al., 2006; Vignale, 2010). Combined with the estab-
lished physics of the dissipationless QHE, it led to the
prediction and subsequent experimental verification of
the quantum spin Hall effect (QSHE) (Bernevig et al.,
2006; Hasan and Kane, 2010; Kane and Mele, 2005;
Ko¨nig et al., 2007; Murakami et al., 2004). In the time-
reversal symmetric QSHE, the chiral edge states of the
QHE are replaced by pairs of helical spin-edge states (see
Fig. 3(d)). This leads to a 2e2/h quantization of the ob-
served transport signal (Ko¨nig et al., 2007) and resistance
values in nonlocal experiments that can be expressed
as specific integer fractions of the inverse conductance
quanta (Bu¨ttiker, 2009; Roth et al., 2009). The QSHE
initiated the new research field of topological insulators
(Hasan and Kane, 2010; Moore, 2010).
C. Spin Hall effect and non-magnetic/ferromagnetic hybrid
structures
Among the early SHE device proposals, Zhang, 2000
suggested to electrically detect the edge spin accumula-
tion produced by the SHE using an attached FM probe
(Johnson and Silsbee, 1985; Silsbee, 1980). In a broader
context, the idea of connecting the SHE with the more
mature field which utilized FMs for injection and detec-
6tion of spins in NMs fueled numerous studies of funda-
mental importance for the SHE field. Electrical spin in-
jection from a FM contact and electrical observation of
the ISHE on a Hall cross patterned in the NM was demon-
strated by Valenzuela and Tinkham, 2006.
Metal spin Hall devices provided the demonstration of
the electrical measurement of the SHE by an attached
FM contact (Kimura et al., 2007), as proposed originally
by Zhang, 2000. They showed that the same NM elec-
trode can generate the SHE or the ISHE, i.e., can be used
as an electrical spin injector or detector (Kimura et al.,
2007; Mihajlovic et al., 2009; Seki et al., 2008; Valenzuela
and Tinkham, 2006; Vila et al., 2007).
Compared to metals, semiconductor spin transport de-
vices with FM metal electrodes can suffer from the prob-
lem of the resistance mismatch which hinders efficient
spin transport across the interface (Schmidt et al., 2000).
The introduction of a highly resistive tunnel barrier be-
tween the FM metal electrode and the semiconductor
channel solves this problem (Lou et al., 2007; Rasbha,
2000) and FM tunnel contacts were successfully used to
detect the SHE-induced spin accumulation in a semicon-
ductor (Garlid et al., 2010). Similarly, an electrical spin-
injection from a FM/semiconductor tunnel contact was
used to demonstrate, side by side, the electrical spin de-
tection by the ISHE and by the FM detection electrode
(Olejn´ık et al., 2012).
Using FMs contributed significantly to the basic un-
derstanding of the SHE. Apart from the transport mea-
surements, NM/FM hybrid structures also allow to com-
bine the SHE physics with the field of magnetization dy-
namics. The ISHE and SHE can be investigated using
spin-pumping (SP) and other related dynamic methods
in structures comprising FMs and NMs, as illustrated
in Fig. 4 (Ando et al., 2009, 2008; Bai et al., 2013a;
Czeschka et al., 2011; Liu et al., 2011, 2012; Miron et al.,
2011a; Mosendz et al., 2010a,b; Saitoh and Ando, 2012;
Saitoh et al., 2006; Wei et al., 2014). In return, the SHE
was found to provide efficient means for injecting spin-
currents into the FM, generating the STT (Ralph and
Stiles, 2008), and by this electrically controlling magne-
tization in FMs with potential applications in spintronic
information technologies (Emori et al., 2013; Liu et al.,
2012; Miron et al., 2011a,b; Ryu et al., 2013). More-
over, the ISHE detection of pure spin-currents did not
remain limited to NMs but is now used also in FMs
(Azevedo et al., 2014; Miao et al., 2013) and antiferro-
magnets (Freimuth et al., 2010; Mendes et al., 2014).
In general, when SHE induced torques in the adja-
cent FM are considered in the description of the dy-
namic magnetization (the Landau-Lifshitz-Gilbert equa-
tion), two types of torques can occur. An (anti)damping-
like torque which has the same functional shape as the
Gilbert damping term (and thus can manifest itself in an
increased or decreased Gilbert damping) and a field-like
term which alters the magnetic energy landscape and can
be observed as a shift of the resonance line in a FMR ex-
periment. FMR allows the determination of the total in-
ternal magnetic field in a sample as well as investigation
of dissipation. Thus, in principle FMR like techniques
enable determination of field-like and (anti)damping-like
contributions of SHE induced torques.
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Electrically tunable spin injector free from the
impedance mismatch problem
K. Ando1*, S. Takahashi1,2, J. Ieda2,3, H. Kurebayashi4, T. Trypiniotis4, C. H. W. Barnes4, S. Maekawa2,3
and E. Saitoh1,2,3
Injection of spin currents into solids is crucial for exploring spin
physics and spintronics1,2. There has been significant progress
in recent years in spin injection into high-resistivity materials,
for example, semiconductors and organic materials, which
uses tunnel barriers to circumvent the impedance mismatch
problem3–14; the impedance mismatch betwe n ferromagnetic
metals and high-resistivity materials drastically limits the
spin-injection efficiency15. However, because of this problem,
there is no route for spin injection into these materials
through low-resistivity interfaces, that is, Ohmic contacts,
even though this promises an easy a d versatile pathway
for spin injection without the need for growing high-qualit
tunnel barriers. Here we show experimental evidence that spin
pumping enables spin injection free from this condition; room-
temperature spin injection into GaAs from Ni81Fe19 through
an Ohmic contact is demonstrated through dynamical spin
exchange. Furthermore, we demonstrate that this exchang can
be controlled electrically by applying a bias voltage across a
Ni81Fe19/GaAs interface, enabling electric tuning of the spin-
pumping efficiency.
Electron transport across a ferromagnetic metal/non-magnetic
material gives rise to non-equilibrium spin currents in the non-
magnetic layer. However, the spin polarization of the current across
the interface is strongly reduced, especially when the electrical
resistance of these two layers is considerably different, for example
a ferromagnetic metal/semiconductor (FM/SC) co tact. This is
known as the impedance-mismatch problem3,15.
The above problem arises from the fact that spins are injected
by carrier transport across a FM/SC interface (see Fig. 1a). It
seems natural to consider that this problem disappears when
spins are injected directly into the C layer without using
charge transport across the interface (see Fig. 1b); the drivi g
force for the spin flow (not the charge-carrier flow) is expected
to offer a method for versatile spin injection free from the
impedance mismatch problem. In this work, we experimentally
demonstrate that spin pumping, generation of pure spin currents
from magnetization precession16–18, provides a powerful method
for direct spin injection. The spin-angular momentum of the
precessing magnetization in the FM layer is transferred to the
carriers in the SC layer through dynamical exchange interaction at
the FM/SC interface, inducing a pure spin voltage, the potential
acting on spins not on carriers, in the SC ayer. This enables spin
injection into both p- and n-doped GaAs from Ni81Fe19 through
both Ohmic and Schottky contacts in a Ni81Fe19/GaAs interface
even at room temperature. The Ohmic contact case is the one
showing the higher spin-current injection in our experiments, in
1Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan, 2CREST, Japan Science and Technology Agency, Sanbancho, Tokyo
102-0075, Japan, 3The Advanced Science Research Center, Japan Atomic Energy Agency, Tokai 319-1195, Japan, 4Cavendish Laboratory, University of
Cambridge, J. J. Thomson Avenue, Cambridge CB3 0HE, UK. *e-mail: ando@imr.tohoku.ac.jp.
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Figure 1 | Spin injection through carrier transport and dynamical exchange
interaction. a, A schematic of the conventional electrical spin injection in a
non-magn tic material/ferromagnetic metal junction. M denotes the static
magnetization. The spin current is driven by electron transport across the
interface, which is drastically limited by the impedance mismatch.
b, A schematic of spin injection through dynamical exchange interaction in
a non-magnetic material/ferromagnetic metal junction. M(t) shows the
precessing magnetization. The dynamical exchange interaction at the
int rf ce transfers the spin-angular momentum from the magnetization in
the ferromagnetic layer to the electrons in the non-magnetic layer, inducing
a pure spin voltage in the non-magnetic layer.
contrast to the expectation in the case of spin injection by charge
transport wher the impedance mismatch problem is present.
Furthermore, the spin-pumping efficiency is demonstrated to be
controlled electrically through electricmodulation of the dynamical
exchange interaction at the Ni81Fe19/GaAs interface, providing a
clear picture of the dynamical spin injection.
The room-temperature spin injection through Ohmic and
Schottky contacts is observed using the inverse spin-Hall effect
(ISHE; refs 19–23). The ISHE converts a spin current into an
electric voltage, enabling electric detection of the spin current.
Figure 2 shows a schematic illustration of the samples used
in this study. The samples are a Ni81Fe19/Zn-doped GaAs (a
Ni81Fe19/p-GaAs film) with a doping concentration of ND = 1.4×
1019 cm−3 and a Ni81Fe19/Si-doped GaAs (a Ni81Fe19/n-GaAs film)
withND=1.2×1018 cm−3 (for details, seeMethods).Here, note that
the current–voltage characteristics shown in Fig. 2b,c indicate the
for tion of Ohmic and Schottky contacts in the Ni81Fe19/p-GaAs
and Ni81Fe19/n-GaAs interfaces, respectively.
We measured the ferromagnetic resonance (FMR) signal and
the electric-potential difference V between the electrodes attached
to the GaAs layer to detect spin injection; as shown in Fig. 2a, in
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FIG. 4 Illustration of the SP spi -current generation by mag-
netization dynamics from a FM into a NM. From Ref. Ando
et al., 2011.
In ISHE experiments using FMR techniques a detailed
analysis of field-symmetric and field-antisymmetric con-
tributions of the detected DC output voltage at FMR
allows in principle a quantitative determination of the
strength and symmetry of the SHE induced torques, as
well as the spin Hall angle.
Note that the torque can induce not only the small-
angl FMR prec ssio but the l teral curre t along a
NM/FM interface can drive domain walls at high veloci-
ties (Emori et al., 2013; Miron et al., 2011b; Ryu et al.,
2013) or switch the magnetization in the FM (Liu et al.,
2012; Miron et al., 2011a). This may have practical im-
plications for designing domain-wall based memories or
for three-terminal magnetic tun el junction bits with the
lateral writing current decoupled from the perpendicular
read-out current.
D. Spin Hall effect, spin galvanics, and spin torques
From the early experiments with the relativistic
torques it was realized that the SHE is not the only pos-
sible mechanism responsible for torques induced by the
lateral current in the NM/FM bilayers (Manchon and
Zhang, 2008). The interface breaks the structural inver-
sion symmetry which implies that the SHE-STT can be
accompanied by another microscopic mechanism. Its ori-
gin is in the so called spin galvanic phenomena that were
explored earlier in inversion-asymmetric NMs (Ivchenko
and Ganichev, 2008). In the picture discussed in the pre-
vious section, the spin-current gen rated in the NM via
the relativistic SHE is absorbed in the FM and induces
the STT. In the competing scenario, a non-equilibrium
spin-density of carriers is generated in inversion asym-
metric systems via the relativistic ISGE (Belkov and
7by the dashed arrows in Fig. 1, which result in a current flow. This
means that a current is driven by a homogeneous spin polarization.
Below we describe the observation of such a current.
Phenomenologically, an electric current can be linked by general
symmetry arguments to the electron’s averaged spin S by
ja 
g
X
QagSg 1
where j is an electric current density, Q is a second-rank pseudo-
tensor, and a, g  1, 2 indicate coordinates. Non-vanishing tensor
components Qag can only exist in non-centrosymmetric systems
belonging to one of the gyrotropic classes6. In zinc-blende-based
heterojunctions with a 2DEG, non-zero components of Qag exist in
contrast to the corresponding bulk crystals7. In our (001)-grown
heterojunctions with the C 2n symmetry only two linearly indepen-
dent components, Q xy and Qyx , are different from zero (xk[11¯0]
and yk[110]) where x and y are cartesian coordinates. Hence, to
observe a spin-polarization-driven current a spin component lying
in the plane of the heterojunctions is required (for example, Sy in
Fig. 2).
To achieve an in-plane spin orientation in experiment one could
either use spin selective contacts8 (see Fig. 2a) or optical orientation9
by using circularly polarized light. Although significant progress
concerning electrical spin injecting has been made recently10–12,
reliable spin-injection into lateral low-dimensional electron sys-
tems—at room temperature—is still a challenge. Furthermore,
electrical spin injection causes, apart from the driving current, a
laterally inhomogeneous spin polarization and hence additional
driving forces for current flow which would hamper the unam-
biguous demonstration of the effect described here. Instead, we use
optical spin orientation, which ensures a homogeneous non-equili-
brium spin polarization and directly proves the spin-galvanic effect.
In this case of exciting electrons from the valence band to the
conduction band the conduction band gets selectively spin-popu-
lated owing to selection rules which allow transitions by circularly
polarized light only if the spin of the electron is changed by ^1. In
addition to this method we have also used circularly polarized
terahertz radiation causing intraband instead of interband exci-
tation. One interesting aspect of employing terahertz radiation is
that only one type of carriers, electrons or holes, is involved. In this
respect, the effect of intraband spin orientation13 is indeed very close
to electrical spin injection.
It has been shown before that irradiation of quantum wells with
circularly polarized light can result in a photocurrent caused by
non-uniformly distributing photoexcited carriers in k-space
according to optical selection rules and energy and momentum
conservation. This is the circular photogalvanic effect observed
recently in a 2DEG14. In order to achieve a uniform distribution in
spin sub-bands and to exclude this circular photogalvanic effect we
use the geometry depicted in Fig. 2b, where the photogalvanic
current is identical to zero for normal incidence of the light14. In this
geometry, optical excitation yields a steady-state spin orientation
S 0z in the z direction with the generation rate S˙z proportional to the
intensity of the radiation. To obtain an in-plane component of the
spins, necessary for the effect we describe here, a magnetic field, B,
was applied (Fig. 2b). The field perpendicular to both the light-
propagation direction eˆz and the optically oriented spins rotates the
spins into the plane of the 2DEG owing to Larmor precession. With
the magnetic field oriented along the x axis we obtain a non-
equilibrium spin polarization Sy which reads, after time averaging
7:
Sy  2 qLts’
1 qLts2 S0z 2
where ts  tskts’p and t sk , t s’ are the longitudinal and transverse
electron-spin-relaxation times, qL  gmBBx= h is the Larmor fre-
quency, g is the in-plane effective electron g-factor, mB is the Bohr
magneton, and S0z  tsk _Sz is the steady-state electron spin polar-
ization in the absence of the magnetic field. Using the Larmor
precession we prepared the situation sketched in Fig. 1 where the
spin polarization Sy lies in the plane. The denominator in equation
(2) yielding the decay of Sy for qL exceeding the inverse spin-
relaxation time is well known from the Hanle effect15.
The experiments were carried out at room temperature
(T  293 K) and at liquid helium temperature on n-GaAs/AlGaAs
single quantum wells of 15-nm width and on GaAs single hetero-
junctions. The (001)-oriented samples grown by molecular beam
epitaxy contain 2DEG systems with electron densities ns . 2 £
1011 cm22 and mobilities m above 106 cm2 V21 s21 at T  4.2 K.
Two pairs of contacts were centred on opposite sample edges
along the directions xk[11¯0] and yk[110] (see inset in Fig. 3).
Complementary measurements were also carried out on p-GaAs
multiple quantum-well structures containing 20 wells of 15-nm
width with hole densities in each well p s  2 £ 1011 cm22 and m 
5 £ 105 cm2 V21 s21:
At room temperature a magnetic field of up to 1 T was generated
by an electromagnet. For the low-temperature measurements the
samples were placed in a cryostat with a split-coil superconducting
magnet yielding a field B of up to 3 T. For optical interband
excitation a continuous-wave Ti:sapphire laser was used at a
wavelength of l  0.777 mm. In order to extract the spin-galvanic
current the linearly polarized laser beam was transmitted through a
Figure 1 Microscopic origin of the spin-galvanic current in the presence of k-linear terms
in the electron hamiltonian. The jy k x term in the hamiltonian splits the conduction band
into two parabolas with the spin ^1=2 in the y direction. If one spin sub-band is
preferentially occupied, for example, by spin injection (the j21=2ly -states shown in the
figure) asymmetric spin-flip scattering results in a current in the x direction. The rate of
spin-flip scattering depends on the value of the initial and final k-vectors. There are four
distinct spin-flip scattering events possible, indicated by the arrows. The transitions
sketched by dashed arrows yield an asymmetric occupation of both sub-bands and hence
a current flow. If, instead of the spin-down sub-band, the spin-up sub-band is
preferentially occupied the current direction is reversed.
Figure 2 Two ways of generating an in-plane spin-polarization. a, The spin injection from
ferromagnetic contacts of magnetization M into the two-dimensional electron gas (2DEG).
b, The optical orientation in combination with an in-plane magnetic field Bx . Spins, initially
aligned along the z direction are rotated into the y direction by Bx .
letters to nature
NATURE | VOL 417 | 9 MAY 2002 | www.nature.com154 © 2002 Macmillan Magazines Ltd
FIG. 5 Microscopic origin of the spin galvanic current in the
presence of k-linear terms in the electron Hamiltonian. The
σykx term in the Hamiltonian splits the conduction band into
two parabolas with the spin ±1/2 in the y-direction. If one
spin sub-band is refere tially occupied, for example, by spin
injection (th | − 1/2〉y-states shown in the figure) asymmet-
ri in-flip scattering results i a current in the x-di ecti .
T e rate of spin-flip scattering depends on t e value of t e
initial and final k-vectors. There are four distinct spin-flip
scattering events possible, indicated by the arrows. The tran-
sitions sketched by dashed arrows yield an asymmetric oc-
cupation of both sub-bands and hence a current flow. If,
instead of the spin-down sub-band, the spin-up sub-band is
preferentially occupied the current direction is reversed. From
Ref. Ganichev et al., 2002.
Ganichev, 2008; Ganichev et al., 2004; Ivchenko and
Ganichev, 2008; Kato et al., 2004c; Silov et al., 2004;
Wunderlich et al., 2004, 2005). A SOT is then directly
induced if the carrier spins are exchange coupled to mag-
netic moments (Bernevig and Vafek, 2005; Chernyshov
et al., 2009; Manchon and Zhang, 2008; Miron et al.,
2010).
From the early observations in NM semiconductors,
SHE and ISGE are known as companion phenomena,
both allowing for electrical alignment of spins in the same
structure (Kato et al., 2004b,c; Wunderlich et al., 2004,
2005). Hand in hand, SHE and ISGE evolved from subtle
academic phenomena to efficient means for electrically re-
orienting magnets. Understanding the relation between
the spin Hall and spin galvanic phenomena is, therefore,
important not only from the basic physics perspective
but has also practical implications for spintronic devices.
The term spin galvanic effect (SGE) is derived from
the analogy to the galvanic (voltaic) cell. Instead of a
chemical reaction, however, it is the spin polarization
that generates an electrical current (voltage) in the SGE.
Inversely, an electrical current generates the spin polar-
ization in the ISGE.
Following theoretical predictions of the phenom-
ena (Aronov and Lyanda-Geller, 1989; Edelstein, 1990;
Ivchenko et al., 1989; Ivchenko and Pikus, 1978; Mal-
shukov and Chao, 2002), it was the SGE that was initially
observed in an asymmetrically confined 2D electron gas
in a GaAs quantum well (Ganichev et al., 2002). The key
signature of the SGE is the electrical current induced by
a non-equilibrium, but uniform polarization of electron
spins. The microscopic origin of the effect is illustrated
in Fig. 5. In the non-equilibrium steady-state, the spin-
up and spin-down sub-bands have different populations,
induced in the Ganichev et al., 2002 experiment by a
circularly polarized light excitation. Simultaneously, the
two sub-bands for spin-up and spin-down electrons are
shifted in momentum space due to the inversion asym-
metry of the semiconductor structure which leads to an
inherent asymmetry in the spin-flip scattering events be-
tween the two sub-bands. This results in the flow of the
electrical current.
ky!
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FIG. 6 Left panel: Rashba spin-texture in equilibrium with
zero net spin-density. Right panel: Non-equilibrium redistri-
bution of eigenstates in an applied electric field resulting in
a non-zero spin-density due to broken inversion symmetry of
the spin-texture.
A microscopic picture of the ISGE is illustrated in
Fig. 6. The uniform non-equilibrium spin-density oc-
curs as a consequence of an electric-field and scattering
induced redistribution of carriers on the Fermi surface
whose texture of spin expectation values has a broken
inversion symmetry. For the Rashba spin-orbit coupling,
illustrated in Fig. 6, the uniform in-plane spin polariza-
tion is perpendicular to the applied electrical current.
Initial observations of the ISGE were made in par-
allel with the initial SHE experiments, in both cases
employing the Kerr/Faraday magneto-optical detection
methods or circularly polarized luminescence (Belkov and
Ganichev, 2008; Ganichev et al., 2004; Ivchenko and
Ganichev, 2008; Kato et al., 2004b,c; Silov et al., 2004;
Wunderlich et al., 2004, 2005). Kato et al., 2004b,c ob-
served the SHE and ISGE in the same strained bulk n-
InGaAs sample and Wunderlich et al., 2004, 2005 de-
tected the two effects in the same asymmetrically con-
fined 2D hole gas (2DHG) in a AlGaAs/GaAs het-
erostructure.
Subsequently, it was predicted (Bernevig and Vafek,
2005) and experimentally verified (Chernyshov et al.,
2009) that the ISGE can generate relativistic SOTs in
a FM semiconductor (Ga,Mn)As with broken inversion
8symmetry in the strained crystal structure of a thin film
sample. Both the ISGE and SHE based mechanisms have
been found to contribute to the relativistic spin torques
in the NM/FM bilayers with broken structural inversion
symmetry (Garello et al., 2013; Kim et al., 2013; Man-
chon and Zhang, 2008; Miron et al., 2011a, 2010; Pai
et al., 2014; Pi et al., 2010; Suzuki et al., 2011).
As mentioned earlier, the SHE and the Mott scattering
of free electron beams can have the same skew scatter-
ing origin which is captured by the second-order Born
approximation (third order in the scattering potential).
Moreover, in condensed matter systems, the SHE can
arise from the spin-dependent transverse deflection in-
duced by the intrinsic spin-orbit coupling in a perfect
crystal with no impurities. We have also already men-
tioned that this intrinsic SHE has its direct counterpart
in systems with broken time reversal symmetry in the
intrinsic AHE.
The spin galvanic phenomena, on the other hand, are
traditionally considered to originate in NMs only from
extrinsic origins (seen already in the first-order Born ap-
proximation scattering). Nevertheless, the physics of the
SHE, AHE, spin galvanics, and relativistic spin torques
can be entangled even when considering the intrinsic ef-
fects. In Fig. 7 we illustrate that the same current-
induced reactive mechanism that generates the trans-
verse spin-current in the intrinsic SHE can induce a uni-
form spin polarization, i.e. a signature characteristic of
the ISGE, in systems with broken space and time rever-
sal symmetry. Relativistic SOTs generated by the non-
equilibrium uniform spin polarization of this intrinsic ori-
gin were identified in the FM semiconductor (Ga,Mn)As
(Kurebayashi et al., 2014).
III. THEORY OF SPIN HALL EFFECT
The SHE is a prime example of a field germinated di-
rectly from several key theoretical predictions and one
which needed the correct timing to come to its full life.
It all began with the seminal prediction of the extrin-
sic SHE by Dyakonov and Perel, 1971b based on a phe-
nomenological theory that considered the consequences
of chiral Mott scattering in a solid-state system. This
prediction laid dormant for almost three decades until
Hirsch, 1999 and Zhang, 2000 made a similar prediction,
but did it at a time that the nascent field of spintronics
could fully exploit the notion of the SHE.
Shortly after this, Murakami et al., 2003 and Sinova
et al., 2004 predicted the intrinsic SHE based on linear
response microscopic theories of strong spin-orbit cou-
pled materials. It is perhaps at this point that the field
of SHE surged forward in a flurry of enormous theoreti-
cal activity culminating later on the parallel discoveries
of the extrinsic (Kato et al., 2004a) and intrinsic (Wun-
derlich et al., 2004, 2005) SHE.
The theories of the SHE have naturally emerged from
the theory of the AHE. However, the latter, although re-
Intrinsic spin-Hall effect: the Rashba SOC example
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FIG. 7 (a) A model equilibrium spin texture in a 2D Rashba
spin-orbit coupled system with spins (red arrows) pointing
perpendicular to the momentum. (b) In the presence of an
electrical current along the x-direction the Fermi surface (cir-
cle) is displaced along the same direction. When moving in
momentum space, electrons experience an additional spin-
orbit field (purple arrows). In reaction to this non-equilibrium
current induced field, spins tilt up for ky > 0 and down for
ky < 0, creating a spin-current in the y-direction. (c) A model
equilibrium spin texture in a 2D Rashba spin-orbit coupled
system with an additional time-reversal symmetry breaking
exchange field of a strength much larger than the spin-orbit
field. In equilibrium, all spins in this case align approximately
with the direction of the exchange field. (d) The same reac-
tive mechanism as in (b) generates a uniform, non-equilibrium
out-of-plane spin-polarization. From Refs. Kurebayashi et al.,
2014; Sinova et al., 2004.
maining complex and for many decades quite controver-
sial, relies on the very important pillar of charge conser-
vation for its development. The ever-present key differ-
ence between the SHE and the AHE is that spin, unlike
charge, is not a conserved quantity in most cases, which
makes the examination of experiments and predictions
more involved in the SHE.
In the initial predictions of the extrinsic SHE this was
dealt with by writing down phenomenological theories
based on coupled spin-charge drift-diffusion equations
derived from symmetry considerations. This approach
is well justified in the weak spin-orbit coupling regime
(Dyakonov and Khaetskii, 2008; Dyakonov and Perel,
1971b; Hirsch, 1999; Zhang, 2000). However, within the
strong spin-orbit couple regime of, e.g., heavy transition
metals, the dominant coherent effects of the intrinsic SHE
are more difficult to couple to such phenomenological the-
ories.
It is within this strong spin-orbit coupling regime that
the AHE has made its furthest progress within the last
decade by systematic approaches that aimed at reaching
agreement in non-trivial models among linear response
theories based on different formalisms that, ultimately,
should provide equivalent predictions. This has led to a
better established microscopic theory of the AHE (Ko-
valev et al., 2010; Nagaosa et al., 2010; Sinitsyn et al.,
92007) and a full understanding of its mechanisms that
have now been linked to the earlier ad-hock introduction
of the semiclassically defined mechanisms: intrinsic, skew
scattering, and side-jump scattering.
We spend the first part of this section, Sec. III.A, defin-
ing and explaining each of those contribution and their
origins in the more modern parsing of the spin-dependent
Hall transport theory. We will try to clarify in particular
the typical misconceptions that sometimes linger in the
literature regarding which aspect of the spin-orbit cou-
pling - within the crystal itself or within the disorder po-
tential - contribute to each mechanism. We will borrow
in this part extensively from Nagaosa et al., 2010 and we
will direct the reader to this previous review for detailed
explanations of the different linear response theories and
the resolution of some of the historical controversies.
We follow in Sec. III.B by a description of the phe-
nomenological spin-charge drift-diffusion equations that
are often used to fit experiments. Because of the chal-
lenge of merging the strong spin-orbit coupled micro-
scopic theories and the phenomenological weak spin-orbit
coupling theories, one of the more popular models that
is used to describe the SHE is based on a simple Hamil-
tonian in which the spin-orbit coupling is only present
in the disorder potential. We discuss such a model in
Sec. III.C. This theory has the benefit of having a sin-
gle parameter - the strength of the spin-orbit coupling
parameter for the disorder - which can be fitted to the
spin-diffusion length and from this value estimate the
SHE angle (Cre´pieux and Bruno, 2001; Engel et al., 2005;
Maekawa and Takahashi, 2012; Zhang, 2000). However,
as seen by comparing to experiment, it gives sensible re-
sults in the weak spin-orbit coupling regime but misses
the coherent effects of the band structure in strongly spin-
orbit coupled materials.
A smaller number of microscopic ab-initio theory stud-
ies on impurities indicate also a significant contribution
due to skew scattering (Long et al., 2014; Zimmermann
et al., 2014).
In Sec. III.D we discuss in detail the theory of SP and
how it is utilized to measure the ISHE and the spin Hall
angle. It introduces the concept of the spin-mixing con-
ductance (Tserkovnyak et al., 2002a), another parame-
ter borrowed from the weak spin-orbit coupled systems,
which is at present often used in analyzing magnetization
dynamics experiments in connection to the physics of the
SHE (Saitoh et al., 2006). Besides introducing the basic
concepts of SP and its connection to the measurements
of the ISHE, we discuss the range of assumptions and
limits which are often used in experiments.
Lastly, in Sec. III.E, we present the formalism primar-
ily used in the strong spin-orbit coupled systems. This
formalism is based in the Kubo formula and exploited
successfully in transition metals (Freimuth et al., 2010;
Tanaka et al., 2008). Calculations seem to indicate that
the principal contribution - as in the AHE - arises from
the intrinsic deflection mechanism.
A. Mechanisms of the spin Hall effect
The family of spin-dependent Hall effects (AHE, SHE,
and ISHE) originate from three distinct microscopic
mechanism that they all share. These mechanisms have
been first identified in the AHE (Nagaosa et al., 2010).
The mechanisms originate from coherent band mixing
effects due to the external electric field and the disor-
der potential. It makes them more complex than the
simpler single-band diagonal transport. As with other
coherent interference transport phenomena, they cannot
be satisfactorily explained using traditional semiclassi-
cal Boltzmann theory. It is then not surprising that the
original proposals of the intrinsic, skew scattering, and
side-jump mechanisms which were based on semiclassi-
cal theory considerations brought in both insightful new
concepts but also seeds for ensuing controversies in the
debate over the quantum-mechanical microscopic origins
of the AHE. While initially based in the semiclassical the-
ory, there exists now a more modern strincter definition
of the mechanisms within microscopic theories. However,
to keep continuity and not create further confusion, this
more modern parsing of the different contributions has
inherited the already established lexicon (see Ref. Na-
gaosa et al., 2010, Sec. IV).
The modern parsing of the microscopic mechanisms is
based on both experimental and microscopic transport
theory considerations, rather than on the identification
of one particular effect from within semiclassical theory.
The justification here is of course primarily on the AHE,
not the SHE, for which the spin-Hall conductivity and its
consequences have to be ultimately coupled to the spin-
accumulation that it induces and can therefore depend on
the method of measurement. In other words, depending
on the measurement the spin accumulation may vary,
e.g. in non-local transport measurements vs. FMR based
measurements.
The link to semiclassically defined processes, as they
have been historically attributed, is established through
the works on AHE after developing a fully generalized
Boltzmann transport theory which takes inter-band co-
herence effects into account and is fully equivalent to
multi-band microscopic theories. The key recent devel-
opments have been in understanding the link between
semiclassical and microscopic theory of spin-dependent
Hall transport.
A very natural classification of contributions based on
the AHE, which is guided by experiment and by micro-
scopic theory of metals, is to separate them according to
their dependence on the Bloch state transport lifetime τ .
Within the metallic regime, disorder is treated perturba-
tively and higher order terms vary with a higher power
of the quasiparticle scattering rate τ−1. As we will dis-
cuss, it is relatively easy to identify contributions to the
anomalous or spin Hall conductivity, σHxy, which vary as
τ1 and as τ0. In experiments of the AHE a similar sepa-
ration can sometimes be achieved by plotting σxy vs. the
longitudinal conductivity σxx ∝ τ , when τ is varied by
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altering disorder or varying temperature.
We emphasize that several microscopically distinct
terms can share the same τ -dependence. We also note
that in this parsing of the AHE and SHE contributions
it is the dependence on τ (or σxx) which defines it, not
a particular mechanism linked to a microscopic or semi-
classical theory. The contribution proportional to τ1 we
define as the skew-scattering contribution, σH−skewxy . The
second contribution proportional to τ0 (or independent
of σxx) we further separate into two terms: intrinsic and
side-jump.
The first term arises from the evolution of spin-orbit
coupled quasiparticles as they are accelerated by an ex-
ternal electric field, whereas the second term arises from
scattering events from impurities that do not include the
skew scattering contribution. Although the intrinsic and
side-jump terms cannot be separated simply experimen-
tally by DC measurements, they in principle can be sep-
arated experimentally (as well as theoretically) by defin-
ing the intrinsic term, σH−intxy , as the extrapolation of
the ac-Hall conductivity to zero frequency in the limit
of τ → ∞, with 1/τ → 0 faster than ω → 0. This
then leaves a unique definition for the side-jump term, as
σH−sjxy ≡ σHxy − σH−skewxy − σH−intxy .
We further describe these contributions below. We
note that the above definitions have not relied on link-
ing the terms to semiclassical processes such as side-jump
scattering (Berger, 1979) or skew-scattering from asym-
metric contributions to the semiclassical scattering rates
(Smit, 1958) identified in earlier theories.
The ideas explained briefly in this section are substan-
tiated in the recent review Nagaosa et al., 2010, which
analyses the tendencies in the AHE data of several ma-
terial classes, and extensively discusses the AHE the-
ory. The extensions to the other spin-dependent Hall
effects, such as SHE and ISHE, require the coupling of
this spin-current generating mechanisms to spin-charge
drift-diffusion transport equations that are appropriate
to describe the particular experimental measurement, be
it optical or electrical.
1. Intrinsic mechanism
Among the three contributions, the easiest to evaluate
accurately and the one that has dominated most theoret-
ical studies is the intrinsic contribution. We have defined
the intrinsic contribution microscopically as the dc limit
of the interband spin Hall conductivity with 1/τ → 0
faster than the frequency. There is however a direct link
to the semiclassical theory in which the induced inter-
band coherence is captured by a momentum-space Berry-
phase related contribution to the anomalous velocity.
In the context of the AHE, this contribution was first
derived by Karplus and Luttinger, 1954 but its topologi-
cal nature was not fully appreciated until recently (Jung-
wirth et al., 2002; Onoda and Nagaosa, 2002). The work
of Jungwirth et al., 2002 was motivated by the exper-
imental importance of the AHE in FM semiconductors
and also by the analysis of the relationship between mo-
mentum space Berry phases and anomalous transverse
velocities in semiclassical transport theory (Sundaram
and Niu, 1999; Xiao et al., 2010). Its connection to the
SHE was described by Murakami et al., 2003 and Sinova
et al., 2004.
The intrinsic contribution to the spin Hall conductivity
is dependent only on the band structure of the perfect
crystal, hence its name. Pictorially it can be seen to
arise from the non-equilibrium electron dynamics of the
Bloch electrons as they are accelerated in an electric field
and undergo spin-precession due to the induced electric
field, as illustrated in Sec. II.D Fig. 7 for a Rashba spin-
orbit coupled Hamiltonian. Here the 2D Rashba system
is described by the Hamiltonian:
H =
p2
2m
− λ
~
~σ · (zˆ × ~p), (3.1)
where p = ~k is the 2D electron momentum, λ is the
Rashba coupling constant, ~σ the Pauli matrices, m the
electron effective mass, and zˆ the unit vector perpendic-
ular to the 2D electron gas (2DEG) plane.
For this example the dynamics of an electron spin in
the presence of time-dependent spin-orbit coupling is de-
scribed by the Bloch equation (Sinova et al., 2004):
~dnˆ
dt
= nˆ× ~∆(t) + α ~dnˆ
dt
× nˆ, (3.2)
where nˆ is the direction of the spin and α is a damping
parameter that we assume is small. For the application
of Eq. (3.2) we have in mind the ~p dependent spin-orbit
coupling term in the spin-Hamiltonian, −~s · ~∆/~, where
~∆ = 2λ/~(zˆ × ~p). For a Rashba effective magnetic field
with magnitude ∆1 that initially points in the xˆ1 di-
rection then tilts (arbitrarily slowly) slightly toward xˆ2,
where xˆ1 and xˆ2 are orthogonal in-plane directions, it
follows from the linear response limit of Eq. (3.2) that
~dn2
dt
= nz∆1 + α dnz/dt
~dnz
dt
= −∆1n2 − α dn2/dt+ ∆2, (3.3)
where ∆2 = ~∆ · xˆ2. By solving these inhomogeneous
coupled equations, it follows that to leading order in the
slow-time dependences n2(t) = ∆2(t)/∆1, i.e., the xˆ2-
component of the spin rotates to follow the direction of
the spin-orbit field, and that
nz(t) =
1
∆21
~d∆2
dt
. (3.4)
These dynamics give rise to the spin-current in the yˆ
direction:
js,y =
∫
annulus
d2~p
(2pi~)2
~nz,~p
2
py
m
=
−eEx
16piλm
(pF+ − pF−), (3.5)
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where pF+ and pF− are the Fermi momenta of the major-
ity and minority spin Rashba bands (Sinova et al., 2004).
We choose the example based on the Rashba sys-
tem because it is simple to see pictorially the intrin-
sic contribution. However, for this particular simple
example, in a large range of Fermi energies the result
for the intrinsic spin Hall conductivity turns out to be
σH−intxy = −(e/~)js,y/Ex = e2/8pi~. This contribution
is eventually cancelled by short-range disorder scattering
because the induced spin-current is proportional to the
spin-dynamics, which should vanish in the steady state
(Sinova et al., 2006).
For other spin-orbit coupled Hamiltonians, corre-
sponding to realistic materials system, this cancellation
from the vertex corrections arising from disorder does
not exist. The above result, illustrated in a simple semi-
classical form, is usually best evaluated directly from the
Kubo formula for the spin Hall conductivity for an ideal
lattice (Sinova et al., 2004):
σH−intxy =
e2
V
∑
k,n6=n′
(fn′,k − fn,k)
× Im[〈n
′k|jˆzspin x|nk〉〈nk|vy|n′k〉]
(Enk − En′k)(Enk − En′k − iη) (3.6)
where n, n′ are band indices, ~jzspin =
~
4{σz, ~v} is the spin-
current operator, ω and η are set to zero in the DC clean
limit, and the velocity operators at each ~p are given by
~vi = ~∂H(~p)/∂pi.
What makes this contribution quite unique, particu-
larly in the AHE, is that it is directly linked to the topo-
logical properties of the Bloch states. Specifically it is
proportional to the integration over the Fermi sea of the
Berry’s curvature of each occupied band, or equivalently
(Haldane, 2004) to the integral of Berry phases over cuts
of Fermi surface segments. This same linear response
contribution to the AHE and SHE conductivity can be
obtained from the semiclassical theory of wave-packets
dynamics (Jungwirth et al., 2002; Sundaram and Niu,
1999; Xiao et al., 2010).
One of the motivations for identifying the intrinsic
contribution σH−intxy is that it can be evaluated accu-
rately even for materials with relatively complex bands
using microscopic electronic structure theory techniques.
In many materials which have strongly spin-orbit cou-
pled bands, the intrinsic contribution seems to dominate
the SHE and AHE. Particularly in metals the calcula-
tions have given semi-quantitative predictions of the ex-
pected spin Hall angles. This is illustrated in the density-
functional calculation for Pt (Guo et al., 2008), shown in
Fig. 8, and in the microscopic tight-binding calculations
for other 4d and 5d metals (Tanaka et al., 2008), shown in
Fig. 9. As it is clear from Fig. 8 the largest contributions
to the spin Hall conductivity arise, similar to AHE, when-
ever bands connected via spin-orbit coupling are near
each other at the Fermi energy. The calculated spin Hall
conductivities are predicted to be large in these transi-
tion metals, and, in particular, a sign change is predicted
in the Brillouin zone (BZ) for the fcc lattice. They give a
prominent enhancement of SHC in Pt. We determine an
effective Hamiltonian near X and L points, and we dem-
onstrate robustness of the SHE against impurities.
The band structure of Pt is calculated using a fully
relativistic extension [25] of the all-electron linear
muffin-tin orbital method [26] based on the density func-
tional theory with local density approximation [27]. The
lattice constants for Pt and Al used are 3.92 and 4.05 A˚ ,
respectively. The basis functions used are s, p, d, and f
muffin-tin orbitals for Pt but s, p, and d muffin-tin orbitals
for Al [26]. In the self-consistent band structure calcula-
tions, 89 k points in the fcc irreducible wedge (IW) of the
BZ were used in the BZ integration. The SHC is evaluated
by the Kubo formula [28]. A fine mesh of 60 288 k points
on a larger IW (3 times the fcc IW) is used. These corre-
spond to the division of the X line into 60 segments.
Comparison with test calculations with 102 315 k points
(72 divisions of the X line) for Pt indicate that the
calculated SHC converges within 1%.
Figure 1 shows the relativistic band structure of Pt, and
also the SHC (xy) as a function of EF. Remarkably, the
SHC peaks at the true Fermi level (0 eV), with a large value
of 2200@=ecm1. This gigantic value of the SHC is
orders of magnitude larger than the corresponding value in
p-type semiconductors Si, Ge, GaAs, and AlAs [28,29].
Furthermore, the calculated SHC in simple metal Al is only
17@=ecm1, being 2 orders of magnitude smaller
than that of Pt. Interestingly, the SHC in Pt decreases
monotonically as the EF is artificially raised and becomes
rather small above 3.0 eV. When the EF is artificially
lowered, the SHC also decreases considerably, and changes
its sign at 1:1 eV. As the EF is further lowered, the SHC
increases in magnitude again and becomes peaked at
4:2 eV with a large value of 1970@=ecm1.
The SHC decreases again when the EF is further lowered,
and finally becomes very small below 6:0 eV. Note that
the bands below 8:0 eV and also above 2.0 eV are
predominantly of 5s character and the effect of the spin-
orbit coupling is negligible.
We notice that a peak in the SHC appears at the double
degeneracies on the L and X points near EF (0 eV) in the
scalar-relativistic band structure (i.e., without the spin-
orbit coupling) while the other peak at 4:2 eV occurs
near the double degeneracies at the L and  points (see
Fig. 1). The double degeneracy (bands 5 and 6) at L is
made mostly (93%) of dx0z0 and dy0z0 (z0 is the threefold
axis), being consistent with the point group D3d at L. The
double degeneracy (bands 4 and 5) at X consists mainly of
dx0z0 and dy0z0 (z0: fourfold axis), being consistent with the
point group D4h. These double degeneracies are lifted by
the spin-orbit coupling, with large spin-orbit splittings
(0:66, 0.93 eV, respectively).
One may attribute the large SHC in Pt to these double
degeneracies. To see this, let us consider the k-resolved
contribution to the SHC, i.e., Berry curvature znk;
 
zxy  e
@
X
k
zk  e
@
X
k
X
n
fkn
z
nk;
znk 
X
n0n
2Im hknjjzxjkn0ihkn0jvyjkni
kn  kn0 2
;
(1)
where the spin current operator jzx  12 fsz; vg, with spin sz
given by sz  @2z (, z: 4 4 Dirac matrices) [28].
fkn is the Fermi distribution function for the nth band at k.
zn is an analogue of the Berry curvature for the nth band,
and it is enhanced when other bands come close in energy
(i.e., near degeneracy). Figure 2(a) shows clearly that
zk is large only near the L and X points. Inter-
estingly, Berry curvature znk for the doublet bands 4
and 5 near the X point are large but have opposite signs
[Fig. 2(b)]. However, because band 5 near the X point is
unoccupied, only znk for band 4 contributes to the SHC,
resulting in the large positive peak in zk near the X
point [Fig. 2(a)]. Figure 2(c) shows that the SHC decreases
monotonically as the temperature (T) is raised. This rather
strong temperature dependence is also due to the near
degeneracies since the small energy scale is relevant to
the SHC there. Nevertheless, the SHC xy  240@=e
cm1 at T  300 K is still large and is close to the
measured value (240) [4]. The SHC for Al at 4 and 300 K is
17 and 6@=ecm1, respectively. The former
value is similar to the experimental values (27, 34) at
4.2 K [5].
In order to study the role of near degeneracies in more
detail, we construct two effective Hamiltonians Hk for
the two doubly degenerate bands at X and L points, re-
spectively. At the X point, by imposing the D4h symmetry
and the time-reversal symmetry, the effective Hamiltonian
with basis jx0 	 iy0z0 "i and jx0 
 iy0z0 #i (z0: fourfold
axis) can be written in terms of 4 4 Clifford  matrices
(1  x, 2  zy, 3  xy, 4  yy, 5  z) as
Hk  k P5a1 daka. By expanding the coeffi-
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FIG. 1 (color online). (a) Relativistic band structure and
(b) spin Hall conductivity of fcc Pt. The zero energy and the
dotted line is the Fermi level. The dashed curves in (a) are the
scalar-relativistic band structure.
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cients da with respect to the wave numbers k0 measured
from X and L points (k0  k ki, i  L, X), we have
constructed the effective Hamiltonian. Fitting with the
calculated energy bands and wave functions, we deter-
mined the expansion coefficients to k04 order. This effec-
t ve model is an even function of k0 and is similar to the
Luttinger model, representing the valence bands of cu-
bic semiconductors [30], or the valence and conduction
bands of zero-gap cubic semiconductors [31] near the 
point. The previous analysis for the p-type semiconduc-
tors [30] are equally applied. The effective Hamiltonian
has the eigenvalues Elk  k  dk, and Euk 
k  dk for the lower and upper bands, respectively,
where d 
P5
i1 d
2
i
q
, and these bands correspond to the
heavy-hole and light-hole bands, respectively. From
Eq. (35) of Ref. [30], the response of a generalized spin
current (corresponding to ab) is given by
 abij  4
Z dk
23 fkl  fkuG
ab
ij ; (2)
where fku and fkl are the Fermi functions of the upper and
the lower bands, and Gabij  14d3 abcdedc @dd@ki
@de
@kj
, where
abcde is the totally antisymmetric tensor with 12345  1.
We flipped the sign of abij because the sign of the charge of
the carriers is opposite from Ref. [30]. Gabij describes the
mapping of an area form from the three-dimensional k
space to the five-dimensional d space. It can be regarded as
a ‘‘solid angle’’ enclosed by the d vector when the wave
number k runs over the domain between the two Fermi
surfaces. Hence, it becomes larger for smaller dk  12 Eu  El. The spin operators are given by sx  35=2,
sy  45=2, and sz  34=2, where ab  12i a;b.
Using these relations, one can calculate the SHC zxy
from Eq. (2) by summing over the three X points and
four L points.
The next issue is whether the contributions from various
bands cancel or not. From Eq. (2), the SHC from the X
points and that from the L points are calculated as a
function of the EF, as shown in Fig. 3. Here we put a cutoff
for the k integral as =5a. The integrand is dominated by
the contribution near the L or the X points, and cancellation
does not occur when the Fermi energy is in the gap. It is
analogous to the zero-gap semiconductors rather than
GaAs [31,32]. Thus we can identify the peaks at EF  0
with the peak of the SHC in Fig. 1, and the enhancement of
SHC in Pt is attributed to the near degeneracies at the L and
X points.
As is similar to the p-type semiconductors [18], this
intrinsic SHE is robust against impurity scattering [33]. To
see this, we consider dilutely distributed short-ranged im-
purities Vr  PiVr ri. It is justified in Pt, because
screening is prominent compared with semiconductors.
Then the vertex corrections from the impurity scattering
for the SHC vanishes in the clean limit from the follow-
ing reason. Because the effective Hamiltonian satisfies
σσ
(a () b)
o
‘
‘
FIG. 3 (color online). Spin Hall con-
ductivity of platinum calculated from the
effective Hamiltonian for (a) the L points
and (b) the X points, as a function of EF
[32].
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FIG. 8 Band structure for Pt calculated with (solid lines)
and without (dotted lines) spin-orbit coupling. The spin Hall
conductivity (b) is shown calculated at each energy. In the
lower figure the Berry curvature is calculated (total) as well
as the one corresponding for each sub band. From Ref. Guo
et al., 2008.
going from Pt to Ta which has been directly observed
in experiments. More recent density-functional calcula-
tions on a range of hcp metals and antiferromagnetic Cr,
show a strong anisotropy of the spin Hall conductivity
(Freimuth et al., 2010), as illustrated in Fig. 10.
2. Skew sc ttering mechanism
The skew scattering contribution to the SHE and the
AHE is the term which is proportional to the Bloch state
transport lifetime τ . It will therefore tend to dominate in
nearly erfect crystals. It is the only contribution to the
SHE and AHE which appears in traditional Boltzmann
transport theory where interband coherence effects are
usually neglected. Skew scattering is due to chiral fea-
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using the band structure of Pt, which is represented by the
open symbols in Fig. 5!a". We see that the magnitude of SHC
in Pt with n=9 does not reproduce that in Ir. The same is true
in Ta and W !bcc structure". Therefore, we need to calculate
SHC using a correct band structure for each metal.
Next, we examine the ! dependence of the SHC. We veri-
fied that the SHC in each metal increases approximately pro-
portional to ! as shown in Fig. 4. To elucidate the origin of
SHC, we calculated the SHC when SOI is anisotropic:
!1#!lˆzsˆz"+!2#!lˆxsˆx+ lˆysˆy". We find that the SHC for HSO
=!#!lˆzsˆz"!!1=! ,!2=0" is as large as the SHC in the isotro-
pic case !!1=!2=!". In contrast, the SHC for HSO
=!#!lˆxsˆx+ lˆysˆy"!!1=0 ,!2=!" is 1 order of magnitude
smaller than the isotropic case. Therefore, the z component
of the SOI gives the decisive contribution to the SHC. The
matrix element of lˆz is finite only for $yz%lz%zx&=−$zx%lz%yz&
= i and $xy%lz%x2−y2&=−$x2−y2%lz%xy&=2i. Note that dxy and
dx2−y2 orbitals !dyz and dzx orbitals" are given by the linear
combination of lz="2!lz="1". Here, we examine which
orbitals cause a significant contribution to the SHC. The z
component of SOI is rewritten as !3#i'P!lz
2
=1"!lˆzsˆz"(i
+!4#i'P!lz
2
=4"!lˆzsˆz"(i, where P!lz
2
=n" represents the projec-
tion operator. SHC caused by dxy and dx2−y2 orbitals is given
by setting !3=0 and !4=! which are represented as lz
="2 in Table II. Similarly, SHC caused dyz and dzx orbitals
is given by setting !3=! and !4=0, which are represented as
lz="1 in Table II. We see that the interorbital transition
between dxy and dx2−y2 orbitals causes a significant contribu-
tion to the SHC in many metals. Only in the case of Mo, W,
and Ir, the contribution of dzx and dyz orbitals is comparable
to that of dxy and dx2−y2 orbitals. In other metals, dxy and
dx2−y2 orbitals give the dominant contribution to the SHC.
Here, we show the OHCs for #=0.02 in various transition
metals in Fig. 6. We see that all the 4d and 5d transition
metals show huge and positive OHCs, which are almost 1
order of magnitude larger than the SHCs. In Au !Ag", the
OHC takes a small value since the d-electron DOS is small at
the Fermi level. Therefore, a huge and positive OHC is a
universal nature of transition metals. As in the case of the
SHE, the intrinsic OHE shows the crossover behavior: the
OHC is independent of $ in the low resistive regime,
whereas it decreases in proportion to $−2 in the high resistive
regime.7,8 In a later publication, we will present an intuitive
!semiclassical" explanation of the origin of the OHC.34
Now, we discuss the # dependences of SHC and OHC.
The # dependence of intrinsic SHCs in Ta and W are shown
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FIG. 5. !Color online" n dependence of SHC for #=0.002, 0.02,
and 0.2. In !a", we see that Pt shows the largest SHC for #=0.002.
The open symbols represents the SHC in Pt for n=5–9. In !b", the
SHCs obtained in the present model for n=7 and 8 !hcp structure"
are also shown. SHC in W takes the largest value for #=0.2.
TABLE II. SHC that originates from the dzx, dyz, dxy, and dx2−y2
orbitals. Here, we set #=0.02. lz="2 !lz="1" represents the SHC
caused by dxy and dx2−y2 orbitals !dyz and dzx orbitals". The ratio
represents !SHC from lz="2"/!SHC from lz="1". We see that dxy
and dx2−y2 orbitals cause a significant contribution to the SHC in
many metals.
Metals lz="1 lz="2 Ratio
Nb!4d45s1" −0.0332 −0.0770 2.32
Mo!4d55s1" −0.0474 −0.0587 1.24
Rh!4d85s1" 0.0847 0.269 3.18
Pd!4d105s0" 0.0847 0.455 5.37
Ag!4d105s1" 0.00224 0.0181 8.08
Ta!5d36s2" −0.0222 −0.254 11.4
W!5d46s2" −0.174 −0.205 1.18
Ir!5d96s0" 0.0123 0.0231 1.89
Pt!5d96s1" 0.136 0.678 4.98
Au!5d106s1" 0.0177 0.0987 5.59
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FIG. 9 Intrinsic spin Hall conductivity for 4d and 5d transi-
tion metals. A key feature is the change in sign from Pt to
Ta. From Ref. Tanaka et al., 2008.
considered in the integration in order to reproduce the SHC
quantitatively correctly. This makes it hardly possible to
interpret the spin Hall conductivity in terms of a small
number of virtual interband transitions. Even the sign and
order of magnitude of the SHC are difficult to predict based
on simple arguments. Recently, the variation of the sign of
the Fermi-surface contribution to the SHC along the 4d
and 5d transition metal series has been attributed to the
variation of the sign of the spin-orbit polarization on the
Fermi-surface [22]. However, we find that the spin-orbit
polarization does not change sign for Sc, Ti and Ru while
the SHC changes sign as the spin polarization is rotated
from the z axis to the y axis.
In conclusion, we have investigated the dependence of
the SHE on the directions of electric field and spin polar-
ization. For the special cases of hexagonal and tetragonal
metals we derived the general expression for the SHC
vector. We predict that in hcp metals and antiferromagnetic
Cr the SHE is strongly nisotropic. For Sr, Ti, and Ru the
anisotropy is particularly strong since the sign of the SHC
depends on the orientation of spin polarization. In this case
collinearity of spin polarization and electric field (or spin
polarization and spin current) can be achieved for special
directions of the electric field (or of the spin current).
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FIG. 2 (color online). (a) For the hcp metals Sc, Ti, Zn, Y, Zr, Tc, Ru, Cd, La, Hf, Re, and Os and for antiferromagnetic Cr the spin
Hall conductivities xyz and 
z
xy are shown as light (red) and dark (blue) bars, respectively. (b) Decomposition of the SHC of Sc into
perpendicular and parallel components following Eq. (6). The angle  enclosed by the direction of the spin current and the direction of
the spin polarization is also shown. At the angle 0 ¼ 62:2 the component of the spin polarization perpendicular to the spin current
vanishes and  ¼ 180.
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FIG. 10 Intrinsic spin Hall conductivity for hcp metals Sc,
Ti, Zn, Y, Zr, Tc, Ru, Cd, La, Hf Re, and Os and for anti-
ferromangetic Cr. From Ref. Freimuth et al., 2010.
tures which appear in the disorder scattering in the pres-
ence of spin-orbit coupling. This mechanism was fir t
identified in FMs by Smit (Smit, 1958) and has its ori-
gins in the Mott scattering in relativistic physics ( ott,
1929, 1932).
Typical treatments of semi-classical Boltzmann trans-
port theory found in textbooks often appeal to the prin-
ciple of detailed balance which states that the transi-
tion probability Wn→m from state to m is identical
to the transition probability in the opposite direction
(Wm→n). Although these two transition probabilities re
ide tical in th Fermi’ ol en-rul appr ximation, since
Wn→n′ = (2pi/~)|〈n|V |n′〉|2δ(E − En′), where V is the
perturbation inducing the transition, detailed balance in
this microscopic sense is not g neric. In the presence
of spin-orbit coupling, either in the Hamiltonian of the
perfect crystal or in the disorder Hamiltonian, a tran-
sition which is right-handed with respect to the mag-
netization direction has a different probability than the
corresponding left-handed transition. When the transi-
tion rates are evaluated perturbatively, asymmetric chiral
contributions appear at third order. In simple models the
asymmetric chiral contribution to the transition proba-
bility is often assumed to have the form:
WAkk′ = −τ−1A (k × k′) ·Ms. (3.7)
Inserting this asymmetry into the Boltzmann equation
leads to a current proportional to the longitudinal current
driven by E a d perpendicular to both E and Ms. This
contribution to the Hall conductivity σH−skewxy and the
conductivity σxx are approximately proportional to the
transport lifetime τ and the Hall resistivity, ρH−skewxy =
σH−skewxy ρ
2
xx, is therefore proportional to the longitudinal
resistivity ρxx whenever this contribution dominates.
There are several specific mechanisms for skew scat-
tering (see Sec. IV-B and Sec. V-A. in Nagaosa et al.,
2010). Evaluation of the skew scattering contribution
to the Hall conductivity or resistivity requires that the
conventional linearized Boltzmann equation be solved us-
ing a collision term with accurat transition probabilities,
since these will generically include a chiral contribution.
In practice our ability to accurately estimate the skew
scattering contribution to the SHE and AHE of a real
material is limited only by the accuracy of the character-
ization of its disorder.
In simple models, the skew scattering contributions to
the SHE or AHE a e considered to ari e only from the
spin-orbit coupling in the disorder potential. This can
only be considered valid when the spin-orbit coupling in
the bands is not strong enough to split the degenerate
spin subbands when compared to the typical disordered
broadening. In systems with strong spin-orbit coupling
in the bands, such as heavy transition metals, consider-
ing the spin-orbit coupling only i the disorder pote -
tial would be incorrect. The reason is because a strong
contribution to the skew scattering also arises from the
scattering of the spin-orbit coupled quasiparticle from
the scalar potential. In fact, the spin-orbit coupling of
the disordered potential is typically strongly renormal-
ized by the other nearby subbands as well, and therefore
the effect of the multi-band character cannot be ignored
in these materials, even when discussing skew scattering
alone.
R cent studies of the skew scattering based on ab-initio
studies and Boltzmann equation in systems with impu-
rities of Cr, Mn, Fe, Co, and Ni in Pt, Au and Pd hosts
have yielded contributions to the spin Hall angle of a frac-
tion of a per-cent (Long et al., 2014; Zimmermann et al.,
2014). The result related to 1% doping of impurities to
a Pt host is shown in Fig. 11.
We end this subsection with a note directed to the
reader who is more versed in the latest development of
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FIG. 1: Skew-scattering contribution to the anomalous Hall
conductivity (upper panel) and the anomalous Hall angle
(lower panel) for the ferromagnetic Fe host with 3d impurities
with concentration of 1 at. %.
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FIG. 2: Computed with three different methods skew-
scattering contribution to the AHA (upper panel), the SHA
(middle panel), together with spin-resolved conductivities
(lower panel, method A only) in five dilute alloys based on
a Pt host with an impurity concentration of 1 at. %.
for the AHA and the SHA are shown in Fig. 2. One imme-
diately notices the large magnitude of the obtained Hall
angles, which are almost an order of magnitude larger
than in the respective Fe dilute alloys. Remarkably, the
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FIG. 3: Skew-scattering contribution to the AHA and SHA
in alloys based on the non-magnetic Au and Pd hosts with all
magnetic 3d impurities (concentration of 1 at. %) as computed
with method A.
magnitude of the SHA is comparable to that of the AHA
in these systems. Moreover, with the only exception of
Ni impurities within all three approaches and Cr impu-
rities as computed with method C, the sign of the AHA
and SHA is in one-to-one correspondence. As shown in
Fig. 3 we also observe a similar trend for the Au and Pd
hosts with the magnetic 3d impurities from V (Cr) to Co.
To understand the obvious correlation between the
SHA and AHA, we analyse the spin-resolved Hall con-
ductivities defined as σ↑yx = (1/2)(σyx + σ
s
yx) and σ
↓
yx =
(1/2)(σyx − σsyx), which, within the two-current model,
would correspond to the conductivities of the spin-up and
spin-down electrons, respectively. The values of the spin-
resolved conductivities computed with method A for Pt
and presented in Fig. 2, point at consistent suppression of
the skew-scattering for spin-down electrons in Pt doped
with Cr, Mn, Fe and Co. The situation in Au and Pd
(not shown) is exactly analogous to that in Pt. Thus,
in the majority of considered systems the transverse cur-
rent which is responsible for both AHE and SHE is al-
most purely spin-up polarized (in Pt(Ni) the situation is
reversed).
The reason behind this can be explained based on the
local densities of states (LDOS) of the host and of the
impurity atoms. Taking the Pt host, for which the DOS
is dominated by the d-electrons at EF , and Mn impurity
as a representative defect, we can understand the weak
spin-up scattering with enhanced σ↑yx from the fact of
the similar behaviour and orbital character of the host
and impurity LDOS at EF : the spin-up Mn LDOS at
EF is also predominantly of d-character. For the spin-
down channel the character of the Mn LDOS at the EF
is s-like due to the exchange splitting − hence the host
and the impurity LDOS are different, and the scattering
FIG. 11 Skew scattering spin Hall angle in a Pt host with 1%
level of impurities. From Ref. Zimmermann et al., 2014.
the links between the full semiclassical and the micro-
scopic theory of the SHE and AHE. We have been careful
above not to define the skew-scattering contribution as
the sum of all the contributions arising from the asym-
metric scattering rate present in the collision term of the
Boltzmann transport equation. We know from micro-
scopic the ry that this asymmetry also makes an AHE
contribution of order τ0 (Sinitsyn et al., 2007). There ex-
ists a contribution from this asymmetry which is present
in the microscopic theory treatment associated with the
so called ladder diagram corrections to the conductivity,
and therefore of order τ0. In our parsing of the contri-
butions to the SHE and AHE we do not associate this
contribution with skew-scattering but place it under the
umbrella of side-jump scattering even though it does not
physically originate from any side-step type of scattering.
3. Side-jump mechanism
Given the sharp definition we have provided for the
intrinsic and skew scattering contributions to the SHE
and AHE conductivity, the equation
σHxy = σ
H−int
xy + σ
H−skew
xy + σ
H−sj
xy (3.8)
defines unambiguously the side-jump contribution as the
difference between the full SHE/AHE conductivity and
the skew and intrinsic contributions. In using the term
side-jump for the remaining contribution, we are appeal-
ing to the historically established taxonomy outlined in
the previous section. Establishing this connection rigor-
ously has been the most controversial aspect of the AHE
theory and, not surprisingly, some confusion has spilled
over to the discussion of the SHE.
The basic semiclassical argument for a side-jump con-
tribution can be stated straight-forwardly: when consid-
ering the scattering of a Gaussian wave-packet from a
spherical impurity with spin-orbit interaction ( HSO =
(1/2m2c2)(r−1∂V/∂r)SzLz), a wave-packet with inci-
dent wave-vector k will undego a displacement transverse
to k equal to 16k~
2/m2c2. This type of contribution was
first noticed, but discarded, by Smit (Smit, 1955, 1958)
and reintroduced by Berger (Berger, 1964) who argued
that it was the key contribution to the AHE. Most of the
earlier developments were based on physical arguments
of how to incorporate the physics in a semiclassical Boltz-
mann formalism, although it cannot be done systemati-
cally and errors have ensued (Nagaosa et al., 2010).
A very common misc nception is that the side-jump
can be generally computed by taking only into account
the spin-orbit coupling interaction of the disorder scat-
tering potential. This can only be justified in a weak
spin-orbit coupled system, e.g. n-doped GaAs, where
indeed this is likely to be the case. This is the considera-
tion in the Cre´pieux-Bruno model (Cre´pieux and Bruno,
2001) where the spin-orbit coupling is only present in
the disorder potential and which has been subsequently
used by others (Engel et al., 2005; Maekawa and Taka-
hashi, 2012). However, when addressing materials with
strong spin-orbit coupling it is important to remember
that there is always two sources of side-jump scattering:
1. Extrinsic-side-jump: The contribution arising from
the non-spin-orbit coupled part of the wave-packet
scatting off the spin-orbit coupled disordered.
2. Intrinsic-side-jump: The contribution arising from
the spin-orbit coupled part of the wave-packet
formed by the Bloch electrons scattering off the
scalar potential alone without spin-orbit coupling.
Both can be portant and independent of e ch other
depending on the crystalline environment and the type
of scattering impurity. In heavy-element materials, such
as Pt and Ta, that have become quite important for pos-
sible future technological applications, the dominant con-
tribution is likely to be the second type of contribution.
In FMs it has been demonstrated that the second type
of contribution, termed here intrinsic-side-jump to dis-
tinguish them clearly, can be very large. Both of these
side-jump contributions add to the scattering indepen-
dent mechanisms, i.e., they are independent of τ , which
incorporate both side-jump types and the intrinsic mech-
anism (Weischenberg et al., 2011).
Both types of side-jump and the intrinsic contributions
have quite different dependences on more specific system
parameters, particularly in systems with complex band
structures (for a detailed review on these delicate issues
we recommend Sinitsyn, 2008). Most of the prior mis-
takes surrounding the theory of side-jump can be traced
back to the physical meaning ascribed to quantities which
were gauge dependent, like the Berry’s connection that
is typically identified as the definition of the side-step
upon scattering. Studies of simple models, e.g. semicon-
ductor conduction bands, also gave results in which the
side-jump contribution seemed to be the same magnitude
but opposite in sign compared to the intrinsic contribu-
tion (Nozieres and Lewiner, 1973). It is well understood
now that these cancellations are unlikely in more com-
plex models (Sinitsyn et al., 2007; Weischenberg et al.,
2011). The prior cancellations can be traced back to the
fact that in these very simple band structures the Berry’s
curvature of the Bloch electrons is a constant indepen-
dent of momentum. One is reminded in this case of the
famous quote by Albert Einstein which states that things
should be made as simple as possible but not simpler.
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It is only through comparison between different fully
microscopic linear response theory calculations, based
on equivalently valid microscopic formalisms such as
Keldysh (non-equilibrium Green’s function) or Kubo for-
malisms, and the systematically developed semi-classical
theory that the specific contribution due to the side-
jump mechanism can be separately identified with con-
fidence. Nonsystematic treatments can lead to miscon-
ceptions that linger for a long time in the community
(Maekawa and Takahashi, 2012).
Very recently, there has been strong steps forward in
the theory of the AHE in developing full theories with
predictive power to calculate all these contribution in FM
materials with a complex band structure (Czaja et al.,
2013; Freimuth et al., 2010; Kovalev et al., 2010; Low-
itzer et al., 2010; Weischenberg et al., 2011). In the the-
ory of the SHE on the other hand, perhaps because of
the complexity of the measurements, the fact that spin
decays in a non-trivial way, and the lack of practical gen-
eral theories that can bring one from a weak to a strong
spin-orbit coupled regime, such progress still remains to
be undertaken fully.
B. Phenomenological Drift-Diffusion Theory
Dyakonov and Perel, 1971a,b considered the phe-
nomenological theory of the SHE by coupling the usual
drift diffusion equation for charge transport to the spin-
current drift-diffusion equations. Hence, the spin-charge
drift-diffusion equations applicable to electrical transport
measurements can be written from symmetry considera-
tions as (Dyakonov and Khaetskii, 2008):
jc = eµnE+D∇n+ eαSHµ(E×P) + eαSHD(∇×P),
(3.9)
jsij = −~µnEiPj +D
∂Pj
∂xi
− ~αSHijk
(
µnEk +D
∂n
∂xk
)
,
(3.10)
where the first two terms of Eqs. (3.9) and (3.10) cor-
respond to the definition of the uncoupled charge and
spin-currents. Here P corresponds to the spin polariza-
tion, D is the electron diffusion constant, µ is the spin-
independent electron mobility, n is the electron density,
E is the electric field, and αSH is the spin Hall angle
defined by the ratio of the spin Hall conductivity to the
diagonal charge conductivity.
In Eq. (3.9) the third term corresponds to the AHE.
The fourth term describes the ISHE if a charged diffusive
current is absent, i.e., in the case of the pure spin-current
in the system. We distinguish this from the situation in
which a polarized charge diffusive current, e.g. generated
by optical excitation (Bakun, 1984), leads to a charge
transverse current which we associate here with a regime
closer to the AHE. This distinction is made more clear by
the fact that the SHE has a precise definition of a pure
spin-current being generated by a charge current, and
therefore its inverse is associated with a pure spin-current
generating a transverse charge current. In Eq. (3.10) the
third term represents the SHE from an electric field, while
the fourth term represent its diffusion driven counterpart.
The equations are written to first order in the spin Hall
angle.
These equations can be directly extended to include
thermal gradients and junctions (Johnson and Silsbee,
1987). Recently, there has been an extension of these to
incorporate thermal SHEs within the emerging field of
spin caloritronics (Bauer et al., 2010, 2012). The treat-
ment, for the most part, remains phenomenological with
connections in particular to the Onsager relations be-
tween the thermodynamic forces and their corresponding
entropy fluxes. Within this emerging subfield of spintron-
ics many theoretical challenges remain, not least a better
treatment of scattering coherent effects driven by statis-
tical forces and the ability of going beyond the simple
adiabatic frozen phonon approximations.
C. The Cre´pieux-Bruno model: extrinsic side-jump and
skew scattering model
We discuss here the Cre´pieux and Bruno, 2001 model
that incorporates spin-orbit coupling only through the
disorder potential, i.e., there is no spin-orbit coupling
present directly in the Bloch electron bands at the Fermi
surface. This model has been applied to weak spin-orbit
coupled materials, such as n-GaAs, to explain the ex-
trinsic origin of their SHE (Engel et al., 2005) and has
also been applied to weakly spin-orbit coupled metals
(Maekawa and Takahashi, 2012). The model builds on
the influential work of Nozieres and Lewiner (Nozieres
and Lewiner, 1973), where they studied the AHE in semi-
conductors with simple band structure and how to ac-
count for the effects of the spin-orbit coupling when pro-
jecting to an effective two-band model. There are many
subtle issues in such treatment already at this simple-
model level, but extrapolating some of its results to gen-
eralities, e.g. specific cancellations, is dangerous since
”the side-jump is no longer given by the simple expres-
sion” derived in these works, as the authors themselves
state (Nozieres and Lewiner, 1973).
The model two-band Hamiltonian is given by
H =
~2k2
2m∗
+V (r)+λe−soσ · (k×∇V ) = H0 +W. (3.11)
Here m∗ is the effective mass of the Bloch electron, V (r)
is the disorder potential, σ are the Pauli metrices, and
λe−so is the effective spin-orbit coupling parameter. For
a free electron, λe−so = ~2/2m2c2 is an extremely small
parameter, but in a solid state environment it is strongly
renormalized by nearby bands. For the effective two-
band model of conduction electrons, obtained from the
8× 8 Kane description of the semiconductor band struc-
ture, λe−so = (P 2/3)[1/E2g − 1/(Eg + ∆so)], with Eg
being the gap, P the s-p dipole matrix element, and ∆so
the spin-orbit splitting of the valence band. For n-GaAs,
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FIG. 12 Schematic picture of the skew-scattering (a) and the
extrinsic side-jump (b) mechanisms from a quantum point of
view ( corresponds to spin up and ⊗ to spin down). The
bold curves represent the anisotropic enhancement of the am-
plitude of the wave-packet due to spin-orbit coupling. Here
the electrons themselves contain no spin-orbit coupling. From
Ref. Cre´pieux and Bruno, 2001.
for example, this value is 5.3 A˚
2
. The total scattering
potential is W .
In this model the velocity operator is modified by the
spin-orbit coupled term to read
vˆ =
pˆ
m∗
+
λe−so
~
[σ ×∇V ], (3.12)
and the scattering amplitude due to the disorder poten-
tial from state |k, s〉 to |k′, s′〉 is given by
〈k′, s′|W |k, s〉 = V˜kk′ (δss′ + iλe−so(σs′s × k′) · k) ,
(3.13)
where V˜kk′ is the Fourier transform of V . The disor-
der potential is considered to be short ranged for sim-
plicity (for ionic scattering see Engel et al., 2005) such
that V (r) = ui
∑
j δ(r− rj) and V˜kk′ = uiδk,k′ . One can
then connect this procedure with the Boltzman equation,
which will also yield the spin-diffusion equation (Zhang,
2000). Microscopically the scattering from this disorder
potential induces a collision integral in the Boltzmann
formalism of the form(
∂fk,s
∂t
)
coll
=
∑
k′,s′
[Pks,k′s′fk′s′ − Pk′s′,ksfks], (3.14)
with the transition scattering probabilities available from
the T-matrix which yields a symmetric and antisymmet-
ric contribution:
P symk′s′,ks =
2pi
~
ni
V
u2i
(
δs,s′ + λ
2
e−so|(k′ × k) · σs,s′
)
×δ(k′ − k), (3.15)
P antk′s′,ks = −
(2pi)2
~
λe−so
ni
V
u3iN(0)δs,s′(k
′ × k) · σs,s′)
×δ(k′ − k). (3.16)
Here ni is the density of impurities and N(0) is the den-
sity of states at the Fermi level. Within the framework
of the semiclassical Bolzmann equation one then writes
(Maekawa and Takahashi, 2012; Zhang, 2000):
vk · ∇fks + eE~ · ∇kfks = −
δfks
τtr
− f
0
ks − f0k′s
τsf (θ)
, (3.17)
where
τ−1tr =
∑
k′,s′
P symks,k′s′ =
1
τ0tr
(1 + 2k4Fλ
2
e−so/3), (3.18)
and
τ−1sf =
∑
k′
P symk1,k′−1 =
k4Fλ
2
e−so
3τ0tr
(1 + cos2(θ)). (3.19)
Here τtr is the transport lifetime, τ
0
tr is the transport life-
time when neglecting the spin-orbit coupling part of the
disorder potential, and τsf is the spin-flip time. Further
expanding the equilibrium and non-equilibrium distribu-
tion function yields the spin diffusion equation
∇2(µ1 − µ−1) = 1
λ2sd
(µ1 − µ−1), (3.20)
with λ2sd = Dτsf/2, D = (1/3)τtrv
2
F , and µs represent-
ing the spin-dependent chemical potentials (s = ±1 is
the spin index). Averaging over the scattering angle one
obtains that the ratio of spin-flip time and transport time
for this particular model is approximately
τtr
τsf
≈ 1
2
k4Fλ
2
e−so. (3.21)
This is one of the key aspects that has made this model
appealing. The model provides a means to obtain its ef-
fective spin-orbit parameter λe−so by measuring the spin-
diffusion length, independently of the spin Hall angle. At
this point, it should to be emphasized that the model is
applicable to the weak spin-orbit coupling regime, i.e.,
when τtr/τsf  1.
From either a microscopic or Boltzmann like analysis
the result for this model for the side-jump contribution to
the spin Hall angle is (Cre´pieux and Bruno, 2001; Engel
et al., 2005):
αsjSH ≡
σH−sjxy
σxx
= −2λe−som
∗
τtr
= −2k
2
Fλe−so
kF l
. (3.22)
Here l = τtrkF /m
∗ is the mean free path. The skew
scatting contribution is given by
αskSH =
4pi
3
k2Fλe−soN(0)ui. (3.23)
In the SHE experiments in n-GaAs, the spin Hall
angle is dominated by the skew scattering contribu-
tion vs. the side-jump contribution by a factor of 2,
σH−skewxy /σ
H−sj
xy ∼ −1.7/0.8 (Engel et al., 2005).
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λsd kF l k
2
Fλe−so αSH
∣∣∣∣αsjSHαSH
∣∣∣∣ Ref.
(nm) (%)
Al (4.2K) 455(15) 73 0.0079 0.032± 0.006 0.67 1 NL
Al (4.2K) 705± 30 118 0.0083 0.016± 0.004 0.88 1NL
Au (295K) 86± 10 371 0.3 11.3 0.014 2 NL
Au (295K) 35± 3∗ 253 0.52 0.35± 0.03 1.17 3 SP
CuIr (10K) 5− 30 2.1± 0.6 4 NL
Mo (10K) 10 36.8 0.32 -0.20 8.7 5 NL
Mo (10K) 10 8.11 0.07 -0.075 23 5 NL
Mo (10K) 8.6± 1.3 34.1 0.34 −(0.8± 0.18) 2.5 6 NL
Mo (295K) 35± 3∗ 56.7 0.14 −(0.05± 0.01) 9.9 3 SP
Nb (10K) 5.9± 0.3 11.3 0.14 −(0.87± 0.20) 2.9 6 NL
Pd (295K) 9∗ 24.0 0.23 1.0 1.9 7 SP
Pd (10K) 13± 2 26.8 0.18 1.2± 0.4 1.1 6 NL
Pd (295K) 15± 4∗ 48.6 0.28 0.64± 0.10 1.8 3 SP
Pt (295K) 77.9 0.74 0.37 5.1 8 NL
Pt (5K) 14 97.3 0.61 0.44 2.9 9 NL
Pt (295K) 10 67.6 0.58 0.9 1.9 9 NL
Pt (10K) 11± 2 98.5 0.77 2.1± 0.5 0.74 5 NL
Pt (295K) 7∗ 77.8 0.97 8.0 0.31 10 SP
Pt (295K) 3− 6 60.8 0.88-1.75 7.6+8.4−2.0 0.57 11 SP
Pt (295K) 10± 2∗ 29.2 0.25 1.3± 0.2 1.31 3 SP
Ta (10K) 2.7± 0.4 3.90 0.17 −(0.37± 0.11) 24 6 NL
TABLE I Experimental spin Hall angles and effective spin-
orbit coupling parameters, k2Fλe−so. The values marked by
(∗) are not measured but taken from the literature. The
Fermi momenta are taken to be kF = 1.75 × 108 cm−1 (Al),
1.21 × 108 cm−1 (Au), 1.18 × 108 cm−1 (Nb), and 1.0 × 108
cm−1 (Mo,Pd,Ta,Pt). Here kF l = (3pi/2)σ/kF (h/e2). Ref-
erences: 1) (Valenzuela and Tinkham, 2006, 2007), 2) (Seki
et al., 2008), 3) (Mosendz et al., 2010b), 4) (Niimi et al.,
2011), 5)(Morota et al., 2009), 6) citeMorota2011, 7) (Ando
et al., 2010a), 8) (Kimura et al., 2007), 9) (Vila et al., 2007),
10) (Ando and Saitoh, 2010), 11) (Liu et al., 2011)
When this simplified model is used for metals it yields
a mixture of results and inconsistencies. This can be
seen in Table I where we show for a series of metals the
experimental SHE angles and the independently exper-
imentally inferred effective spin-orbit coupling parame-
ters k2Fλe−so. Skew scattering is not possible to estimate
from the model expression (3.23) without knowing the
specific value for ui. However, we know from the AHE
that skew scattering has only been seen to dominate for
extremely conductive metals so it is neglected in the dis-
cussion of Table I. When comparing the side-jump con-
tribution estimates to the measured values of αSH the
results vary extensively. In some cases, like Ta, the the-
oretical side-jump contribution is 24× larger than the
measured αSH . The failure of Eq. (3.22), derived assum-
ing the weak spin-orbit coupling regime, is not surprising
here since Ta is a 5d heavy transition metal. In others,
like in Pt, Eq. (3.22) gives a value that is smaller than
the measured αSH , in some cases approaching the ex-
perimental value rather closely. However, even in this
case ascribing the measured spin Hall angle to the side-
jump contribution of Eq. (3.22) is questionable because
the independently inferred parameter k2Fλe−so is close to
1. This is inconsistent with τtr/τsf  1, i.e., with the
weak spin-orbit coupling regime assumed in the model.
In the heavy element materials the intrinsic SHE esti-
mates have had much more success. Hence, the simple
model expression Eq. (3.22), although illustrative and ap-
pealing, should perhaps only be consider as such, not as
a quantitative predictive theory of the SHE.
D. Theory of inverse spin Hall effect induced by
spin-pumping
When measuring the ISHE it is necessary to generate a
spin-current that flows into the NM whose spin Hall an-
gle is being measured. In the non-local transport schemes
this is achieved indirectly by spin-diffusion into the NM.
This can restrict both the types of materials and reliabil-
ity of the measurements since there are several interfaces
involved and the distances of the devices have to be kept
shorter than the spin-diffusion length in the area where
the spin-current is diffusing.
A key alternative to generating spin-currents is to ex-
ploit SP in a FM/NM bilayer system. This phenomenon
was observed experimentally in early 2000’s (Mizukami
et al., 2001, 2002; Urban et al., 2001). The experiments
showed an enhanced Gilbert damping in FMR associated
with the loss of angular momentum by a spin-current
flowing from the FM to the NM which served as a spin
sink.
The associated SP theory based on the scatter-
ing formalism was developed by Tserkovnyak et al.
(Tserkovnyak et al., 2002a,b, 2005). It extends the theory
of adiabatic quantum pumping (Brouwer, 1998; Bu¨ttiker
et al., 1993) by incorporating the spin degrees of freedom.
It can be shown that the precessing magnetization in FM
generates a time-dependent spin-current at the FM/NM
interface that flows into the NM given by,
js,pump ~σ(t) =
~
4pi
Ar ~ˆm× d ~ˆm
dt
. (3.24)
Here ~ˆm(t) is the unit vector of the magnetization, ~σ is
the unit vector of the spin-current polarization, js,pump
its magnitude, and Ar is defined as the SP conductance
of the particular sample. The spin-current generated at
the interface which propagates into the NM decays on
a length scale connected to the effective spin diffusion
length λsd of NM. A sketch of the physics is shown in
Fig. 13. Note that in systems with strong spin-orbit cou-
pling this length scale can be difficult to define since it
can be as short as several atomic layers. Also, proximity
effects as well as roughness at the interface with the NM
can blur the sharpness of such an interface.
The scattering-matrix theory introduces the concept
of a complex spin-mixing conductance at the interface
based on spin-conserving channels and no spin-loss at
the interface. Theoretical ab-initio calculations, and the
phase randomization at the scattering interface, seem to
indicate that only the real part of the mixing conduc-
tance dominates the physics and that in the diffusive
regime this will be approximately the Sharvin conduc-
tance given by the number of conducting channels. In
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FIG. 13 Schematic of SP comprising of a spin-pump current
flowing from the FM to the NM and a back flow current that
depends on the thickness of the NM.
this approximation (Tserkovnyak et al., 2002b):
Ar ≈ Re[g↑↓] = k
2
F
4pi
≈ 1
4pi
(3pi2n)2/3, (3.25)
where kF and n are the Fermi wavevector and electron
density in the NM, respectively. Direct ab-initio calcula-
tions of the mixing conductance (Carva and Turek, 2007;
Xia et al., 2002; Zwierzycki et al., 2005) have verified
that for a FM/NM interface with moderate spin-orbit
coupling the spin-mixing conductance is of this order of
magnitude.
As the magnetization rotates, the spin-current injected
from the FM to the NM is time dependent but the AC
spin-current when averaged over time has a non-zero DC
component, hence the notion of pumping, which is given
by:
js,dc =
~ω
4pi
Arsin
2Θ. (3.26)
Here ω is the driving radio frequency (RF) and Θ is the
cone angle of precession (see Fig. 13). Under the as-
sumption of the NM being a perfect spin-sink the SP
conductance will be the spin-mixing conductance. How-
ever, in the systems where the NM has a finite thickness
of the order of the spin-diffusion length, the induced spin
accumulation in the NM due to the pumped spin-current
from the FM will create a spin accumulation which in
turn will generate a spin-current back flow. The spin ac-
cumulation in the NM within the spin-diffusive regime,
µs ≡ µ↑ − µ↓, is governed by the equation:
dµs
dt
= D∂2zµs −
µs
τsf
, (3.27)
with the boundary conditions:
z = 0 : ∂zµs = −4e
2ρ
~
js,0
z = tNM : ∂zµs = 0 , (3.28)
where ρ is the NM resistance and tNM is the thickness of
the NM. In the NM, the spin-current decays away from
the FM/NM interface due to the combination of spin
diffusion and spin flip scattering. The z-dependent spin-
current density js(z) in the NM (Azevedo et al., 2011;
Mosendz et al., 2010a) with the above boundary condi-
tions reads:
js(z) = − ~
4e2ρ
∂zµs(z) = js,0
sinh
(
tNM−z
λsd
)
sinh
(
tNM
λsd
) . (3.29)
The back-flow current density js,back at the interface
can be taken into account by the relation js,back(0) ≈
2Re[g↑↓]µs(0). This allows the following expression to be
solved for the total spin-current crossing the interface:
js,0 ~σ(t) = (js,pump − js,back)~σ(t) = ~
4pi
A˜r ~ˆm× d ~ˆm
dt
.
(3.30)
The result is that the effective spin-mixing conduc-
tance gets reduced due to a back flow factor given by
(Tserkovnyak et al., 2002b):
β ≡ τsfδsd/h
tanh (tNM/λsd)
, (3.31)
where δsd is an effective spin-flip scattering energy ob-
tained by the inverse of the product of the volume de-
fined by the scattering cross section and spin-diffusion
length and the density of states. This then gives the
result (Tserkovnyak et al., 2002b):
A˜r ≈ g↑↓ 1
1 + βg↑↓
(3.32)
A˜r ≈ g↑↓ 1
1 + 1
4
√

3 tanh
(
tNM
λsd
) ≈ g↑↓eff , (3.33)
where g↑↓ is now the real part of the spin mixing conduc-
tance. The last approximation assumes a weak spin-orbit
coupling limit. More explicitly it assumes  = τtr/τsf 
1. Hence, the larger , the more efficient the injected
spin-current is relaxed in the NM and the smaller is the
amount of backflow (Tserkovnyak et al., 2002b). How-
ever, one has to be aware of the limitations of the approx-
imation since in the strongly spin-orbit coupled systems
many of these assumptions fail.
The detection of the net spin-current flowing into the
NM can be done electrically via the ISHE as was demon-
strated by Saitoh et al., 2006. By measuring the Hall
voltage induced by the spin-current one can infer the spin
Hall angle of the material:
~jc = αSH
2e
~
~js × ~σ(t). (3.34)
Here, the vector of the spin-current density ~js points
perpendicular to the NM/FM interface. Note that the
vector of the spin-current polarization ~σ(t) is a time
varying quantity. In the geometry sketched in Fig. 13
the propagation direction of the spin-current is along z
18
and its polarization is along x-axis. For the detection of
a DC voltage along the y-direction one has to consider
the charge current jcyˆ = αSH
2e
~ (1/tNM )
∫ tNM
0
js(z)zˆ × xˆ
with magnitude (Azevedo et al., 2011):
jc = αSH
2e
~
js,0
λsd
tNM
tanh
(
tNM
2λsd
)
. (3.35)
To convert this charge current density into the actual
measured voltage one has to consider the details of the
measurement geometry and the resistivity of the bilayer
which will be discussed in Sec. IV.D. In addition, as de-
scribed as well in Sec. IV.D, the AC-component can be
directly measured. An extension of the above theory to
incorporate the AC-component has been done by Jiao
and Bauer, 2013, with the result that back-flow is im-
portant to distinguish between the measured voltages for
both the AC and DC configurations.
We conclude this section with a discussion regarding
the assumptions of the SP theory. In the above deriva-
tions, whenever  ∼ 1, the approximations do not hold
anymore since for the given boundary conditions and
for the use of the spin diffusion equation (and the spin-
resolved spin-mixing conductance) one assumes   1
(Tserkovnyak et al., 2002b). However, for  > 0.1 most
of the spin scattering occurs right at the interface and
consequently the films are almost perfect sinks. Hence,
in this case there is no dependence on the thickness of
the film. Since in such films the interface plays the
prominent role and scattering occurs at or near the inter-
face, many issues regarding proximity effects, the induced
spin-accumulation, and the spin Hall angle inferred from
the measurements should be taken as phenomenological
parameters rather than direct connections to a quantita-
tive value of the bulk spin Hall angles.
E. Kubo formalism
In this section we review the Kubo formalism employed
in the calculations of the intrinsic SHE which incorpo-
rate the effects of disorder at its simplest level through
finite quasiparticle lifetime. It provides a fully quantum
mechanical formally exact expression for the spin and
anomalous conductivity in linear response theory (Ma-
han, 2000). Here we emphasize the key issues in study-
ing the SHE within this formalism and how it relates
to the semiclassical formalism described in the previous
sections.
For the purpose of studying the SHE and AHE it is
best to reformulate the current-current Kubo formula
for the conductivity in the form of the Bastin formula
(see appendix A in Cre´pieux and Bruno, 2001) which
can be manipulated into the more familiar form for the
conductivity of the Kubo-Streda formula for the zero-
temperature Hall conductivity, σHxy = σ
I(a)
xy +σ
I(b)
xy +σIIxy,
where
σI(a)xy =
e2
2piV
Tr〈{sˆz, vˆ}xGR(F )vˆyGA(F )〉c, (3.36)
σI(b)xy = −
e2
4piV
Tr〈{sˆz, vˆ}xGR(F )vˆyGR(F ) + c.c.〉c,
(3.37)
σIIxy =
e2
4piV
∫ +∞
−∞
df()Tr[{sˆz, vˆ}xGR()vy
GR()
d
−{sˆz, vˆ}x
GR()
d
vyG
R() + c.c.]. (3.38)
Here the subscript c indicates a disorder configuration av-
erage. The last contribution, σIIxy, was originally derived
by Streda in the context of the QHE (Streda, 1982). In
these equations GR/A(F ) = (F −H ± iδ)−1 are the re-
tarded and advanced Green’s functions evaluated at the
Fermi energy of the total Hamiltonian.
Looking more closely at σIIxy we notice that every term
depends on products of retarded Green’s functions only,
or on products of advanced Green’s functions only. It
can be shown that only the disorder free part of σIIxy is
important in the weak disorder limit, i.e., this contribu-
tion is zeroth order in the parameter 1/kF l. The only
effect of disorder on this contribution (for metals) is to
broaden the Green’s functions (see below) through the
introduction of a finite lifetime (Sinitsyn et al., 2007).
By a similar argument, σIbxy is of order 1/kF l and can
be neglected in the weak scattering limit (Mahan, 2000).
Thus, important disorder effects beyond simple quasipar-
ticle lifetime broadening are contained only in σIaxy. For
these reasons, it is standard within the Kubo formalism
to neglect σIbxy and evaluate the σ
II
xy contribution with a
simple lifetime broadening approximation to the Green’s
function.
In this formalism the effect of disorder on the disorder-
configuration averaged Green’s function is captured by
the use of the T-matrix, defined by the integral equation
T = W + WG0T , where W =
∑
i V0δ(r − ri) is a delta-
scatterers potential and G0 are the Green’s function of
the pure lattice. From this one obtains
G¯ = G0 +G0TG0 = G0 +G0ΣG¯. (3.39)
Upon disorder averaging we obtain
Σ = 〈W 〉c + 〈WG0W 〉c + 〈WG0WG0W 〉c + ... (3.40)
To linear order in the impurity concentration, ni, this
translates to
Σ(z,k) = niVk,k +
ni
V
∑
k
Vk,k′G0(k
′, z)Vk′,k + · · · ,
(3.41)
with Vk,k′ = V (k − k′) being the Fourier transform of
the single impurity potential, which in the case of delta
scatterers is simply V0. Note that G¯ and G0 are diagonal
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in momentum but, due to the presence of spin-orbit cou-
pling, non-diagonal in spin-index in the Pauli spin-basis.
One effect of disorder on the spin and anomalous Hall
conductivity is taken into account by inserting the dis-
order averaged Green’s function, G¯R/A, directly into the
expressions (3.36) and (3.38) for σIaxy and σ
II
xy, respec-
tively. This step captures the intrinsic contribution to
the SHE and AHE and the effect of disorder on it, which
is generally weak in metallic systems.
The so-called ladder diagram vertex corrections con-
tribute to the AHE and SHE at the same order in
1/kF l as the intrinsic contribution. It is useful to de-
fine a ladder-diagram corrected velocity vertex v˜α(F ) ≡
vα + δv˜α(F ), where
δv˜α(F ) =
niV
2
0
V
∑
k
G¯R(F )(vα + δv˜α(F ))G¯
A(F ).
(3.42)
Note again that v˜α(F ) and vα = ∂Hˆ0/∂~kα are matrices
in the spin-orbit coupled band basis. The skew scattering
contributions are obtained by evaluating, without doing
an infinite partial sum as in the case of the ladder dia-
grams, third order processes in the disorder scattering.
As may seem obvious from the above machinery, calcu-
lating the intrinsic contribution is not very difficult, while
calculating the full effects of the disorder in a systematic
way (beyond calculating a few diagrams) is challenging
for any disorder model beyond the simple delta-scattering
model.
An important recent development has taken place
within the theory of the AHE which we hope will have
a direct analogy to the spin Hall conductivity. Assum-
ing uncorrelated Gaussian noise disorder, i.e., ignoring
any skew scattering contribution, all the scattering inde-
pendent contributions - side-jump and intrinsic - can be
formulated in terms of the band structure of the crystal
alone (Kovalev et al., 2010; Weischenberg et al., 2011).
For a short-range scattering disorder model, e.g. scalar
delta-correlated Gaussian disorder, the starting point for
this theory of the scattering-independent side-jump is
the retarded Green’s function in equilibrium and the
Hamiltionian H of a general multiband noninteracting
system. The first step is to expand the self-energy of
the system Σeq in powers of potential V (r), which de-
scribes scattering off impurities. Inserting the expression
for the self-energy within these simple disorder models
into the appropriate equations for the current densities
derived following the Kubo-Strˇeda formalism mentioned
above, rotating into eigenstate representation and keep-
ing only the leading order terms in the limit of vanishing
disorder parameter V0, the scattering-independent part
of the AHE conductivity may be written as σ
H−(0)
xy =
σH−intxy + σ
H−sj
xy , where
σH−intij =
2e2
~
∫
d3k
(2pi)3
Im
∑
n6=m
(fn − fm)vnm,i(k)vmn,j(k)
(ωn − ωm)2
(3.43)
TABLE II AHE conductivities for bcc Fe and hcp Co in
S/cm for selected high-symmetry orientations of the magneti-
zation. σH−intxy , σ
H−sj
xy and σ
H−int+sj
xy stand for intrinsic con-
tribution, side-jump contribution and their sum, respectively.
The experimental values are for the scattering-independent
conductivity.
Fe [001] [111] [110] Co [001] [100]
σH−intxy 767 842 810 σ
H−int
xy 477 100
σH−sjxy 111 178 141 σ
H−sj
xy 217 −45
σH−int+sjxy 878 1020 951 σ
H−int+sj
xy 694 55
Exp. 1032 Exp. 813 150
is the intrinsic contribution. In this expression the band
indices n and m run from 1 to N , vnm,i are the matrix el-
ements of the velocity operator vˆi = ∂~kiHˆ and ωn(k) =
εn(k)/~. The scattering-independent side-jump contribu-
tion to AHE conductivity for inversion-symmetric sys-
tems reads:
σH−sjij =
e2
~
N∑
n=1
∫
d3k
(2pi)3
Re Tr
{
δ(εF − εn) γc
[γc]nn
×
×
[
SnAki(1− Sn)
∂εn
∂kj
− SηAkj (1− Sn)
∂εn
∂ki
]}
.
(3.44)
Here the imaginary part of the self-energy ImΣeq =
−~V0γ is taken to be in the eigenstate representation,
i.e. γc = U
†γU , with
γ =
1
2
N∑
n=1
∫
d3k
(2pi)2
USnU
† δ(ωF − ωn), (3.45)
U as the unitary matrix that diagonalizes the Hamilto-
nian at point k,
[U†H(k)U ]nm = εn(k)δnm, (3.46)
Sn is a N × N matrix that is diagonal in the band in-
dices, [Sn]ij = δijδin, and the so-called Berry connec-
tion matrix is given by Ak = iU
†∂kU . Not included in
Eq. (3.44) are the vertex corrections, which vanish for
an inversion-symmetric system in the Gaussian disorder
model. Because this side-jump contribution in the short-
range disorder model is solely determined by the elec-
tronic structure of the pristine crystal, it is thus directly
accessible by ab initio methods.
Table II shows a comparison of the improvement in
predictive power of the AHE theory when including the
side jump term. Fig. 14 shows the non-trivial angu-
lar dependence, within the Fermi surface, of the side
jump and intrinsic contributions. This is reminiscent
of the spin-hot spots observed previously in the the-
ory of spin-dephasing, and emphasizes the importance
of anisotropies induced by the band structure itself.
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(a)Ni [001] σsj (b)Ni [110] σsj
(c)Ni [001] σint (d)Fe [001] σsj
FIG. 14 (Color online) Angular distribution of the a) Side-
jump contribution for Ni [001], b) Side-jump contribution for
Ni [110], c) Intrinsic contribution for Ni [001], and d) Side-
jump contributionfor Fe [001] on a sphere in the Brillouin
zone. The color code of each surface point corresponds to the
sum of all contributions along the path from the origin to the
particular surface point. From Ref. Weischenberg et al., 2011.
IV. EXPERIMENTAL STUDIES OF SPIN HALL EFFECT
Several experimental schemes to detect the SHE were
outlined already by Dyakonov and Perel, 1971b in their
seminal theory work. They proposed to use paramag-
netic resonance for detecting the edge spin polarization,
to measure the nuclear magnetization resulting from the
Overhauser effect, to exploit the gyrotropy, i.e., the dif-
ference in the propagation of electro-magnetic waves with
opposite helicities through the spin polarized edges, or,
in semiconductors, to detect circular polarization of the
luminescence excited by an unpolarised light.
Variants of the two latter schemes, namely the Kerr
magneto-optical microscopy and circularly polarized elec-
troluminescence from the sample edges, were indeed em-
ployed in the pioneering SHE experiments (Kato et al.,
2004a; Wunderlich et al., 2004, 2005). These were,
however, performed more than thirty years after the
Dyakonov and Perel, 1971b original proposal. Within
these three decades, the interest in the phenomenon was
scarce. The experimental SHE research only picked up
momentum after the theoretical work by Hirsch, 1999
who rediscovered the phenomenology of the extrinsic
SHE, and after the prediction of the intrinsic SHE (Mu-
rakami et al., 2003; Sinova et al., 2004).
The renewed theoretical interest occured in the midst
of an extraordinary growth of the nascent field of spin-
tronics (Zutic et al., 2004), which had already found im-
portant applications in the hard disk drive industry and
promised revolutionary concepts for memory and logic
devices. In this setting, the theoretical SHE proposals
not only ignited an extensive theoretical debate for their
inherent fundamental interest but also attracted signif-
icant attention due to the potential of spin Hall phe-
nomena as new spin injection and detection tools. The
proposals started to materialize shortly thereafter with
the observations of the SHE in n-doped semiconductors
(Kato et al., 2004a) and in the 2DHG (Wunderlich et al.,
2004, 2005), and of the ISHE in metallic systems (Saitoh
et al., 2006; Valenzuela and Tinkham, 2006, 2007).
In this section we review the experimental studies of
the spin Hall phenomena. In Sec. IV.A we summarize
AHE experiments in non-ferromagnetic materials that
were performed within the three decades separating the
first theoretical proposal and the experimental observa-
tions of the SHE. The rest of the section is devoted to
modern experiments divided according to the techniques
used to generate, detect, and manipulate the SHE and
ISHE in experimental samples (Sec. IV.B-IV.D). The
overall understanding of the experiments is still incom-
plete regarding some materials and structures, in par-
ticular when trying to quantify the magnitude of the
SHE. Therefore, in those cases, we attempt to provide an
overview of the current status of the field while stressing
the strengths and weaknesses of the different techniques
and methods employed.
Apart from the basic research interest in this relativis-
tic quantum-mechanical phenomenon, Sec. IV.D provides
an illustration of the application potential of the SHE in
spintronic devices. This prompted detailed studies of the
SHE efficiency for the charge-spin conversion in a variety
of materials. Measurements of the corresponding spin-
Hall angles are summarized in the Sec. IV.E.
A. Early experiments of anomalous Hall effect in
paramagnets
Chazalviel and Solomon, 1972 reported a pioneering
work on a spin dependent Hall effect in non-magnetic
semiconductors. They detected the AHE in InSb and n-
doped Ge at low temperatures (< 25 K), where the spin
polarization was created by the application of a mag-
netic field and the spin-dependent Hall effect was sepa-
rated from the larger ordinary HE by magnetic resonance
of the conduction electrons (Chazalviel, 1975; Chazalviel
and Solomon, 1972). The magnitude of the measured
anomalous Hall angles was of the order of 10−4 for InSb,
and of 10−5 for Ge, while its sign was observed to change
depending on the degree of carrier compensation (InSb)
and temperature (Ge). The change in sign was associ-
ated with competing contributions from the side-jump
and skew scattering mechanisms. The former was ex-
pected to be favored in low mobility samples, which was
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confirmed in the experiment.
In early 1980’s, Fert and collaborators studied diluted
magnetic alloys based on non-magnetic hosts, such as
Au and Cu, and magnetic impurities such as Mn, Fe, or
Cr (Fert et al., 1981). They found that CuMn showed
negligible skew scattering effects, but that the exchange
scattering by polarized Mn impurities created a spin po-
larized current. They also noted that the addition of
non-magnetic impurities to CuMn gave rise to skew scat-
tering of the polarized current by the unpolarised impuri-
ties. By analyzing variations of the Hall coefficient, they
were able to extract the Hall angle for the non-magnetic
impurities. They found that they varied from −1.4×10−2
for Lu to −2.6× 10−2 for Ir.
In another type of AHE measurements, a circularly
polarized beam at the normal incidence to the surface of
a bulk semiconductor was used to excite spin-polarized
photo-electrons (Bakun, 1984; Miah, 2007). These elec-
trons diffused in the vertical direction from the surface
and after aligning their spins along an axis parallel to the
surface by an applied magnetic field (via Hanle preces-
sion), an electrical voltage was detected in the transverse
in-plane direction (Bakun, 1984). Alternatively, the ver-
tically spin-polarized electrons can be accelerated in the
in-plane direction by an applied electrical bias yielding
also a transverse in-plane voltage (Miah, 2007). Since
in these experiments the source spin-current is accompa-
nied by a diffusive or drift charge current the geometry
corresponds to the AHE.
B. Optical tools in spin Hall experiments
1. Optical detection of the spin Hall effect
Following Dyakonov and Perel, 1971b prediction of the
extrinsic SHE, the proposed concepts by Hirsch, 1999
and Zhang, 2000 for its experimental detection relied on
electrical measurements. The concepts considered SHE
channels in NMs, in the latter case attached to a FM
detection electrode.
However, the experimental discovery of the SHE was
prompted also by theory works which approached the
SHE origin and detection from a different angle. In-
spired by studies of the intrinsic nature of the closely
related AHE in FMs, (Jungwirth et al., 2002; Onoda and
Nagaosa, 2002), Murakami et al., 2003 and Sinova et al.,
2004 predicted that a spin-dependent transverse deflec-
tion of electrons in non-magnetic systems can originate
directly from the relativistic band structure of the con-
ductor without involving the Mott scattering. Unlike
Hirsch, 1999 and Zhang, 2000 who considered the ex-
trinsic, scattering induced SHE and electrical detection
schemes designed for metals, the intrinsic SHE proposals
focused on semiconductors and suggested to utilize the
optical activity of these materials for detecting the SHE.
As in the original work by Dyakonov and Perel, 1971b,
circularly polarized electro-luminescence was suggested
in Ref. (Murakami et al., 2003), while spatially resolved
magneto-optical Faraday or Kerr effects were discussed
in Refs. (Murakami et al., 2003; Sinova et al., 2004).
These methods were indeed used in the first measure-
ments of the phenomenon. Kato et al., 2004b employed a
magneto-optical Kerr microscope to scan the spin polar-
ization across the channel while Wunderlich et al., 2004,
2005 used co-planar p− n diodes to detect circularly po-
larized electro-luminescence at opposite edges of the spin
Hall channel. Wunderlich et al., 2004, 2005 ascribed the
observed signal to the intrinsic SHE while Kato et al.,
2004b to the extrinsic SHE.
Kato et al., 2004b performed the experiments in n-
GaAs and n-In0.07Ga0.93As films grown by molecular
beam epitaxy on (001) semi-insulating GaAs substrates.
The films were doped with Si with n = 3× 1016 cm−3 in
order to obtain long spin relaxation lifetimes of τs ∼ 10
ns, which result in spin diffusion lengths λsd =
√
Dτs ∼
10 µm. The unstrained GaAs sample consisted of 2 µm
of n-GaAs grown on 2 µm of undoped Al0.4Ga0.6As,
whereas the strained InGaAs sample had 0.5 µm of n-
In0.07Ga0.93As and 0.1 µm of undoped GaAs. Static Kerr
rotation measurements were performed at 30 K with a
pulsed Ti:sapphire laser tuned to the absorption edge of
the semiconductor with normal incidence to the sample.
In this technique, the laser beam is linearly polarized and
the polarization axis of the reflected beam is determined.
The rotation angle is proportional to the net magnetiza-
tion along the beam direction.
Figure 15(a) shows a schematic of the experimental ge-
ometry. The epilayers were patterned into 300× 77 µm2
(GaAs) and n-InGaAs 300× 33 µm2 (InGaAs) channels.
An electric field was applied along the channel while a
magnetic field B could be applied perpendicular to it in
the film plane. Figure 15(b) shows a two dimensional
scan of the GaAs sample, which demonstrates the exis-
tence of spin accumulation close to the edges. The am-
plitude of the measured edge spin polarizations reaches
∼ 0.1%. The polarization has opposite sign at the two
edges and decreases rapidly with the distance from the
edge as expected for the SHE. This is clearly seen in
the one dimensional profile in Fig. 15(c). Further experi-
ments demonstrated the effect of spin (Hanle) precession,
and associated the suppression of the observed signal to
the applied magnetic field, as predicted by Dyakonov and
Perel, 1971a and Hirsch, 1999.
Zhang, 2000 showed by solving the spin-dependent
drift-diffusion equations for a finite width channel, that
the spin diffusion length λsd defines the length scale of
the edge spin accumulation. By fitting to the spin-drift
diffusion equation, Kato et al., 2004b extracted the trans-
verse spin-current and the spin Hall resistivity ρH . This
analysis, which assumes well-resolved spin-up and spin-
down transport channels (Hirsch, 1999; Zhang, 2000), is
valid in the weak spin-orbit limit, which is verified by
noting that ∆soτ/~ ∼ 10−3  1, where ∆so is the spin-
orbit coupling energy and τ the momentum scattering
time. The measured value of ρH ∼ 2 Ωm is consistent
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with that obtained from modeling based on scattering by
screened and short-range impurities (Engel et al., 2006;
Tse and Das Sarma, 2006). Noting that the charge re-
sistivity ρ ∼ 4 × 10−6 Ωm, this corresponds to a spin
Hall angle of ∼ 10−4. In the weak spin-orbit coupling
regime the spin-orbit splitting of the quasiparticle bands
is smeared out by disorder which favors the extrinsic SHE
interpretation of the measured signal. The absence of
the intrinsic SHE was confirmed by measurements in the
strained InGaAs sample which showed no dependence of
the SHE signal on the strain induced anisotropies of the
spin-orbit coupled band structure.
E
B
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FIG. 15 Observation of the SHE by the magneto-optical
Kerr microscope. (a) Schematics of the GaAs sample. (b)
Two-dimensional images of the spin density ns (left) and
reflectivity R (right) for an unstrained GaAs sample mea-
sured at temperature 30 K and applied driving electric field
E=10 mVµm−1. (c) Kerr rotation as a function of x and
external magnetic field Bext for E=10 mVµm
−1. (d) Spatial
dependence of the peak Kerr rotation A0 across the GaAs
channel. From Ref. Kato et al., 2004b.
Experiments in 2DHG devices (Fig. 17) were carried
out in the strong spin-orbit coupling limit, ∆soτ/~ ∼ 4,
which favors the intrinsic mechanism (Nomura et al.,
2005; Wunderlich et al., 2005). The device comprised
coplanar p − n junction light emitting diodes (LEDs)
that were patterned in (Al,Ga)As/GaAs heterostructures
grown by molecular beam epitaxy and using modulation
donor (Si) and acceptor (Be) doping in (Al,Ga)As barrier
materials. The heterostructure consisted of an n-doped
AlGaAs/GaAs heterojunction, followed by the growth of
90 nm of intrinsic GaAs and a p-doped AlGaAs/GaAs
heterojunction. The coplanar p − n junctions were cre-
ated by removing the p-doped layer of the wafer and thus
creating a hole channel, with a carrier density 2 × 1012
cm−2. The 2DEG at the bottom heterojunction was al-
most depleted. The removal of p-doped surface layer pop-
ulated the 2DEG, forming the n-side of the coplanar p−n
junction.
A current Ip was applied to drive the electrolumines-
cence at the edge of the channel due to recombination
near p − n junctions. The detection of spin-polarization
in the 2DHG was done by measuring the circular po-
larization of the emitted light, shown in Figs. 17(d),(e).
The magnitude of the signal reached ∼ 1% at 4 K. Con-
sistent with the SHE phenomenology, the experiments
demonstrated that the spin accumulation was opposite
at opposite sides of the channel and that it reversed sign
following current reversal.
Calculations of the SHE conductivity showed that the
SHE originating from the spin-orbit coupled quasiparti-
cle bands of the 2DHG is only weakly affected by dis-
order for the parameters of the studied system (Wun-
derlich et al., 2005). A quantitative microscopic descrip-
tion of the measured edge spin accumulation signal was
developed and further experimentally tested by Nomura
et al., 2005. The theory analysis pointed out that the
length scale of the edge spin accumulation is defined in
the strong spin-orbit coupling regime by the spin-orbit
precession length Lso = vF τso, where τso = ~pi/∆so is the
precession time of the spin in the internal spin-orbit field
and vF is the Fermi velocity. With increasing strength
of the spin-orbit coupling, the edge spin accumulation
region narrows down and, simultaneously, the amplitude
of the spin polarization increases. For the experimental
parameters of the studied 2DHG, Lso ∼ 10 nm and the
calculated amplitude of the edge spin polarization was
8%, in good agreement with the 1% polarization of the
measured electro-luminescence signal which was averaged
over a ∼ 100 nm sensitivity range of the co-planar light
emitting diode. A comparison between measurements in
devices with 1.5 and 10 µm wide channels confirmed the
expectation that the SHE signal is independent of the
channel width.
Subsequent magneto-optical measurements of the SHE
in the n-GaAs 3D epilayers have experimentally demon-
strated that the SHE-induced spin accumulation is due
to a transverse spin-current which can drive spin polar-
ization tens of microns into a region in which there is
minimal electric field (Sih et al., 2006). The work proved
experimentally that the SHE can be used as a source of
spin-current generated in a NM.
A systematic doping dependence of the SHE angle was
studied in n-GaAs 3D epilayers with electron densities
n = 1.8 × 1016 − 3.3 × 1017 cm−3 and the results were
found consistent with theory predictions for the extrinsic
SHE (Matsuzaka et al., 2009). The measured SHE angles
of ∼ 5× 10−4− 5× 10−3 increase with increasing doping
with a tendency to saturate at the high doping end of the
studied set of samples at a value corresponding to ∼ 1%
edge spin polarization. It was concluded from this sys-
tematic analysis that the spin accumulation is reduced by
an enhanced spin relaxation due to the Dyakonov-Perel
mechanism, while the spin-current induced by the SHE
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FIG. 16 Observation of the SHE by the circularly polarized
electro-luminescence of co-planar p−n diodes. (a) Schematic
configuration of the lateral p−n junction to detect spin accu-
mulation. (b) Light emission from the p−n junction recorded
by a charged-couple device camera. (c) Electron microscope
image of the microdevice with symmetrically placed p − n
diodes at both edges of the 2DHG channel. (d),(e) Emitted
light polarization of recombined light in the p−n junction for
the current flow indicated in (c) at 4 K. From Ref. Nomura
et al., 2005.
is enhanced with increasing n (Matsuzaka et al., 2009).
The SHE was observed also in other semiconductor sys-
tems including n-ZnSe 3D epilayers (Stern et al., 2006),
and InGaN/GaN superlattices (Chang et al., 2007).
2. Optical generation of the inverse spin Hall effect
A traditional way of generating spin-polarized photo-
carriers in semiconductors is by absorption of circularly
polarized light (Meier and Zakharchenya, 1984). Because
of the optical selection rules, the out-of-plane spin polar-
ization of photo-carriers is determined in this technique
by the sense and degree of the circular polarization of ver-
tically incident light. This technique was used to observe
the AHE in semiconductors (Bakun, 1984; Miah, 2007),
which we have already discussed in Sec. IV.A, and even-
tually led also to the detection of the ISHE generated by
the pure spin current.
Ando et al., 2010b reported an experiment in a
NM/semiconductor hybrid structure in which they
demonstrated the conversion of circularly polarized light
absorbed in a semiconductor to an electrical signal in the
attached NM ISHE sensor. The photo-induced ISHE was
observed in a Pt/GaAs hybrid structure. In the GaAs
layer, circularly polarized light generates spin-polarized
carriers, inducing a pure spin-current into the Pt layer
through the interface. This pure spin-current is con-
verted into an electrical voltage due to the ISHE in Pt.
Systematic changes of the ISHE signal were observed
upon changing the direction and ellipticity of the cir-
cularly polarized light, consistent with the expected phe-
nomenology of the photo-induced ISHE. The observed
phenomenon allows the direct conversion of circular-
polarization information into the electrical voltage and
can be used as a spin photodetector.
Using a similar detector configuration, Kampfrath
et al., 2013 demonstrated the control of the transmis-
sion of terahertz spin-current pulses. The samples con-
sisted of Fe/Au and Fe/Ru heterostructures. The ab-
sorption of a femtosecond laser pulse in the Fe layer gen-
erates a non-equilibrium electron distribution and asso-
ciated spin-current, dominated by the majority-spin sp-
like electrons, that flows into the Au(Ru) non-magnetic
layer. The transport dynamics is different in the Fe/Au
and Fe/Ru heterostructures because of the much larger
electron mobility of Au; the flow of the non-equilibrium
electrons occur much more slowly in Ru than in Au, and
are accompanied by significantly more spin accumula-
tion. The non-magnetic layer can thus be used to either
trap or transmit electrons, and thus engineer ultrafast
spin pulses, which change in temporal shape and de-
lay. The detection of the spin-current pulses used by
Kampfrath et al., 2013 relied on the ISHE.
While in the static experiments by Ando et al., 2010b
the resulting charge current is measured as a voltage,
Kampfrath et al., 2013 detected the electromagnetic
pulse emitted by the charge current burst by electro-
optical sampling using a GaP crystal. The feasibility of
the experiment demonstrated the operation of the ISHE
as a spin-current detector up to frequencies as high as 20
THz.
Wunderlich et al., 2009, 2010, using the same type of
lateral p − n diodes as in Refs. (Nomura et al., 2005;
Wunderlich et al., 2005), exploited optical spin injec-
tion by a circularly polarized laser beam to observe the
ISHE and to fabricate experimental opto-spintronic and
spin-transistor devices. In the SHE measurements in
Refs. (Nomura et al., 2005; Wunderlich et al., 2005), the
p − n junctions were fabricated along the edges of the
2DHG channel and under forward bias could sense the
spin state of recombining electrons and holes through po-
larized electro-luminescence. In Refs. (Wunderlich et al.,
2009, 2010), on the other hand, the spin Hall channel
was fabricated in the etched part of the epilayer with the
2DEG, the channel was oriented perpendicular to the
24
Photoinduced inverse spin-Hall effect: Conversion of light-polarization
information into electric voltage
K. Ando,1,2,a! M. Morikawa,2 T. Trypiniotis,3 Y. Fujikawa,1 C. H. W. Barnes,3 and
E. Saitoh1,2,4
1Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
2Department of Applied Physics and Physico-Informatics, Keio University, Yokohama 223-8522, Japan
3Cavendish Laboratory, University of Cambridge, J. J. Thomson Avenue, Cambridge CB3 0HE,
United Kingdom
4PRESTO, Japan Science and Technology Agency, Sanbancho, Tokyo 102-0075, Japan
!Received 26 November 2009; accepted 30 January 2010; published online 23 February 2010"
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Recent developments in optical and material science
have led to remarkable industrial applications, including op-
tical data recording and optical communication.1 In order to
extend the scope of these conventional technologies, inten-
sive experimental and theoretical interests have been focused
on simple and effective methods for detecting light circular
polarization,2–4 since this polarization carries single-photon
information and it is essential in optical technology, includ-
ing quantum cryptography and quantum communication.5
Light circular polarization is coupled with electrons’
spins in semiconductors.6,7 In a semiconductor crystal, the
optical selection rules for interband transitions induce spin-
polarized electrons in the conduction band via the absorption
of circularly polarized light #see Fig. 1!a"$. This process con-
verts light circular polarization into electron-spin polariza-
tion, enabling the integration of light-polarization informa-
tion into spintronic technologies.8
Recently, in the field of spintronics, the inverse spin-Hall
effect !ISHE" was discovered.9–18 The ISHE converts a spin
current, a flow of electron spins in a solid, into an electro-
motive force using the spin-orbit interaction, which enables
the transcription of electron-spin information into an electric
signal. This suggests that light-polarization information can
be converted into an electric signal by combining the optical
selection rules and the ISHE. In this letter, we demonstrate
this conversion of light-circular-polarization information into
electric voltage in a Pt/GaAs structure: the photoinduced in-
verse spin-Hall effect.
Figure 1!b" shows a schematic illustration of the sample
used in this study. The sample is a Pt/GaAs hybrid structure.
The 5-nm-thick Pt layer was sputtered on the Si-doped GaAs
substrate. The donor impurity Si concentration is ND=4.7
!1018 cm−3. Immediately before the sputtering, the surface
of the GaAs layer was cleaned by chemical etching.19 Two
electrodes are attached to the ends of the Pt layer. During the
measurement, circularly polarized light with a wavelength of
"=670 nm !h#=1.85 eV" and a power of Ii=10 mW was
irradiated to the sample at an in-plane angle of $ to the
direction across the two electrodes, as shown in Fig. 1!b".
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FIG. 1. !Color online" !a" A schematic illustration of the band structure of GaAs and spin-polarized electrons generated by the absorption of circularly
polarized light. !b" A schematic illustration of the Pt/GaAs hybrid structure used in this study. $ is the in-plane angle between the incident direction of the
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The angle of the light illumination to the normal axis of the
film plane !0 is set at 65° !see Fig. 1"b#$. In the GaAs layer,
electrons with a spin polarization ! along the light propaga-
tion direction are excited to the conduction band by the cir-
cularly polarized light due to the optical selection rules.7
This spin polarization then diffuses as a pure spin current
into the spin-sink Pt layer across the Schottky barrier at the
Pt/GaAs interface via the electron tunneling and/or thermal
processes !see Fig. 1"c#$. Here, note that the measurements
were performed at zero applied bias across the junction, or
the open-circuit condition. The injected pure spin current is
converted into an electromotive force EISHE by the ISHE in
the Pt layer due to the strong spin-orbit interaction in Pt20 as
EISHE = DISHEJs " ! , "1#
where Js and ! are the spatial direction and the spin polar-
ization vector of the spin current !see Fig. 1"c#$. DISHE is the
ISHE efficiency. We measured the difference in the gener-
ated voltage between illumination with right circularly polar-
ized "RCP# and left circularly polarized "LCP# light, VR
−VL, by a polarization-lock-in technique using a photoelastic
modulator "PEM# operated at p=50 kHz. The difference in
the intensities of RCP and LCP light incident on the sample
was confirmed to be vanishingly small. Here, note that hole
spin polarization plays a minor role in this setup, since it
relaxes in %100 fs,21 which is much faster than the relax-
ation time of %35 ps for electron spin polarization.22 All the
measurements were performed at room temperature.
Figure 2 shows the in-plane illumination angle ! depen-
dence of VR−VL measured for the Pt/GaAs system. With
increasing illumination angle ! from !=0, VR−VL increases
monotonically below !=90°. Above !=90°, VR−VL de-
creases with ! and changes its sign at !=180°. This variation
is well reproduced by a function proportional to sin ! as
shown in Fig. 2, being consistent with the model of the
photoinduced ISHE described in Eq. "1#; since ! and Js are
directed along the light propagation direction and the normal
vector of the film plane, respectively, Eq. "1# predicts VR
−VL# &Js"!&x#sin !, consistent with the experimental re-
sult. Here, &Js"!&x denotes the x component of Js"! !see
Fig. 1"c#$. We found that this electromotive force is not de-
tectable in a Cu/GaAs system, where the Pt layer is replaced
by Cu with the very weak ISHE, supporting that the ISHE is
responsible for the observed VR−VL signal.
The VR−VL signal depends strongly on the ellipticity of
the irradiated light polarization. The ellipticity A is defined
as the ratio of the minor to major radiuses of the elliptically
polarized light. Here, the angular momentum component of a
photon along the light propagation direction is zero "maxi-
mized# when A=0 "1#. As shown in Fig. 3"a#, the VR−VL
signal increases with A, supporting that the electromotive
force is due to the ISHE induced by photoexcited spin cur-
rents.
In order to investigate in detail the A dependence of
VR−VL shown in Fig. 3"a#, we define the degree of circular
polarization Pcirc as the difference in the numbers between
RCP and LCP photons,
Pcirc '
I+ − I−
I+ + I−
=
2A
1 + A2
, "2#
where I+ and I− are the intensities of the RCP and LCP light,
respectively. Using Eq. "2# and the A dependence of VR
−VL shown in Fig. 3"a#, VR−VL is replotted as a function of
the degree of circular polarization Pcirc of the illuminated
light as shown in Fig. 3"b#. Figure 3"b# shows that VR−VL is
proportional to Pcirc, which is consistent with the prediction
of the photoinduced ISHE as follows. Since the electron spin
polarization generated by circularly polarized light is propor-
tional to the difference in the numbers between RCP and
LCP photons absorbed in GaAs,6,7 the electromotive force
due to the photoinduced ISHE is proportional to It
GaAsPcirc
GaAs:
VR − VL ' QItGaAsPcircGaAs, "3#
where It
GaAs and Pcirc
GaAs are the light intensity and the
degree of circular polarization of the light injected into the
GaAs layer, respectively. The proportionality constant Q is
proportional to sin !2 because of Eq. "1#: Q'Q! sin !2
=Q!"n0 /n2#sin !0. Here, note that the light intensity and the
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When !0=0, the VR−VL signal is found to be negligibly small compared to
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Eq. "6#. The Hanle measurement of the VR−VL signal shows negligibly
small variation, consistent with the prediction of the photoinduced ISHE;
pure-spin currents travel only near the Pt/GaAs interface.
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The photoinduced inverse spin-Hall effect was observed in a Pt/GaAs hybrid structure. In the GaAs
layer, circularly polarized light generates spin-polarized carriers, inducing a pure spin current into
the Pt layer through the interface. This pure spin current is, by the inverse spin-Hall effect in the Pt
layer, converted into electric voltage. By changing the direction and ellipticity of the circularly
polarized light, the electromotive force varies systematically, consistent with the prediction of the
photoinduced inverse spin-Hall effect. The observed phenomenon allows the direct conversion of
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photodetector. © 2010 American Institute of Physics. #doi:10.1063/1.3327809$
Recent developments in optical and material science
have led to remarkable industrial applications, including op-
tical data recording and optical communication.1 In order to
extend the scope of these conventional technologies, inten-
sive experimental and theoretical interests have been focused
on simple and effective methods for detecting light circular
polarization,2–4 since this polarization carries single-photon
information and it is essential in optical technology, includ-
ing quantum cryptography and quantum communication.5
Light circular polarization is coupled with electrons’
spins in semiconductors.6,7 In a semiconductor crystal, the
optical selection rules for interband transitions induce spin-
polarized electrons in the conduction band via the absorption
of circularly polarized light #see Fig. 1!a"$. This process con-
verts light circular polarization into electron-spin polariza-
tion, enabling the integration of light-polarization informa-
tion into spintronic technologies.8
Recently, in the field of spintronics, the inverse spin-Hall
effect !ISHE" was discovered.9–18 The ISHE converts a spin
current, a flow of electron spins in a solid, into an electro-
motive force using the spin-orbit interaction, which enables
the transcription of electron-spin information into an electric
signal. This suggests that light-polarization information can
be converted into an electric signal by combining the optical
selection rules and the ISHE. In this letter, we demonstrate
this conversion of light-circular-polarization information into
electric voltage in a Pt/GaAs structure: the photoinduced in-
verse spin-Hall effect.
Figure 1!b" shows a schematic illustration of the sample
used i thi study. The sample is a Pt/GaAs hybrid structure.
The 5-nm-thick Pt layer was sputtered on the Si-doped GaAs
substrate. The donor impurity Si concentration is ND=4.7
!1018 cm−3. Immediately before the sputtering, the surface
of the GaAs layer was cleaned by chemical etching.19 Two
electrodes are attached to the ends of the Pt layer. During the
measurement, circularly polarized light with a wavelength of
"=670 nm !h#=1.85 eV" and a power of Ii=10 mW was
irradiated to the sample at an in-plane angle of $ to the
direction across the two electrodes, as shown in Fig. 1!b".
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FIG. 1. !Color online" !a" A schematic illustration of the band structure of GaAs and spin-polarized electrons generated by the absorption of circularly
polarized light. !b" A schematic illustration of the Pt/GaAs hybrid structure used in this study. $ is the in-plane angle between the incident direction of the
illumination and the direction across the two electrodes attached to the Pt layer. $0=65° is the angle of the light illumination to the normal axis of the film
plane. !c" A schematic illustration of the inverse spin-Hall effect induced by photoexcited pure spin currents in the Pt/GaAs system.
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FIG. 17 (a) A schematic illustration of the band structure of
GaAs and spin-polarized electrons generated by the absorp-
tion of circularly polarized light. (b) A schematic illustration
of the ISHE induced by photoexcited pure spin-currents in the
Pt/GaAs system. (c) The illumination angle θ dependence of
V R − V L measured for the Pt/GaAs hybrid structure. θ is
the in-plane angle between the incident direction of the illu-
mination and the direction across the electrodes attached to
the edges of the Pt layer as shown in the inset. V R − V L is
the difference in the electromotive force for illumination with
right and left circularly polarized light. The filled circles are
the experimental data. The solid curve shows a fitting result
using a function proportional to sin θ. From Ref Ando et al.,
2010b.
p − n junction, and the diode was under zero or reverse
bias, operating as a photocell as shown in Fig. 18. The
optical activity of the lateral diode confined to a submi-
cron depletion region, combined with a focused (∼ 1 µm)
laser beam, allowed for a well localized injection of spin-
polarized photo-electrons into the planar 2DEG channel.
The Hall signals were detected electrically on multiple
Hall-crosses patterned along the channel. Two regimes
of operation of the device are distinguished: One cor-
responds to an AHE regime, in which the reverse-bias
charge current is drained behind the Hall crosses at the
opposite end of the channel from the p − n junction in-
jection point (Fig. 18(a)). The other regime corresponds
to the ISHE measurement since in this case the charge
current is drained before the Hall crosses, allowing only
the pure spin-current to diffuse further in the channel
(Fig. 18(b)). In both cases the measured transverse elec-
trical signals were consistent with the phenomenology of
the spin-dependent Hall phenomena (Wunderlich et al.,
2009, 2010). The sign of the voltage was opposite for op-
posite helicities of the incident light, i.e., opposite spin-
polarizations of injected photo-electrons. Moreover, the
amplitude of the electrical signals was found to depend
linearly on the degree of circular polarization of the light,
rendering the device an electrical polarimeter (Wunder-
lich et al., 2009). The electrical signals were observable
over a wide temperature range with spin Hall angles of
10−3−10−2. The measured 2DEG wa in he weak spin-
orbit coupling regime, ∆soτ/~ ∼ 10−1, and the measured
data were consistent with the extrinsic mechanism (Wun-
d rlich et al., 2009).
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FIG. 4: iSHE based transistor. (a) Schematics of the spin injection Hall e↵ect measurement
setup with optically injected spin-polarized electrical current propagating through the Hall bar
and corresponding experimental Hall e↵ect signals at crosses H1 and H2. The Hall resistances,
RH = VH/IPH , for the two opposite helicities of the incident light are plotted as a function of
the focused light spot position, i.e., of the position of the injection point. The optical current
IPH is independent of the helicity of the incident light and varies ly weakly with the light spot
position. (b) Same as (a) for the iSHE measurement geometry in which electrical current is closed
before the first detecting Hall cross H1. (c) Schematics of the setup of the spin Hall transistor and
experimental Hall signals as a function of the gate v lt ge at a Hall cross placed behind the gate
electrode for two light spot positions with a relative shift of 1 µm. Figure form Ref. 38.
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FIG. 4: iSHE based transistor. (a) Schematics of the spin injection Hall e↵ect measurement
setup with optically injected spin-polarized electrical current propagating through the Hall bar
and corresponding experimental Hall e↵ect signals at crosses H1 and H2. The Hall resistances,
RH = VH/IPH , for the two opposite helicities of the incident light are plotted as a function of
the focused light spot position, i.e., of the position of the injection point. The optical current
IPH is independent of the helicity of the incident light and varies only weakly with the light spot
position. (b) Same as (a) for the iSHE measurement geometry in which electrical current is closed
before the first detecting Hall cross H1. (c) Schematics of the setup of the spin Hall transistor and
experimental Hall signals as a function of the gate voltage at a Hall cross placed behind the gate
electrode for two light spot positions with a relative shift of 1 µm. Figure form Ref. 38.
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FIG. 4: iSHE based transistor. (a) Sc matics of the spin injection Hall e↵ect measur ment
setup with optically injected spin-polarized electrical current propagating through the Hall bar
and corresponding experimental Hall e↵ect signals at crosses H1 and H2. The Hall resistances,
RH = VH/IPH , for the two opposite h licities of the inci ent light are plotted as a function of
the focused light spot position, i.e., of the position of the injection point. The optical current
IPH is independent of the helicity of the incident light and varies only weakly with the light spot
position. (b) Same as (a) for the iSHE measurement geometry in which electrical current is closed
before e first detecting Hall cross H1. (c) Schematics of the setup of the spin Hall transistor a d
experimental Hall signals as a function of the gate voltage at a Hall cross placed behind the gate
electrode for two light spot positions with a relative shift of 1 µm. Figure form Ref. 38.
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FIG. 4: iSHE based transistor. (a) Schematics of the spin injection Hall e↵ect measurement
setup with optically injected spin-polarized electrical current propagating through the Hall bar
and corresponding experimental Hall e↵ect signals at crosses H1 and H2. The Hall resistances,
RH = VH/IPH , for the two opposite helicities of the incident light are plotted as a function of
the focused light spot position, i.e., of the position of the injection point. The optical current
IPH is independent of the helicity of the incident light and varies only weakly with the light spot
position. (b) Same as (a) for the iSHE measurement geometry in which electrical current is closed
before the first detecting Hall cross H1. (c) Schematics of the setup of the spin Hall transistor and
experimental Hall signals as a function of the gate voltage at a Hall cross placed behind the gate
electrode for two light spot positions with a relative shift of 1 µm. Figure form Ref. 38.
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FIG. 4: iSHE based transistor. (a) Schematics of the spin injection Hall e↵ect measurement
setup with optically injected spin-polarized electrical current propagating through the Hall bar
and corresponding experimental Hall e↵ect signals at crosses H1 and H2. The Hall resistances,
RH = VH/IPH , for the two opposite helicities of the incident light are plotted as a function of
the focused light spot position, i.e., of the position of the injection point. The optical current
IPH is independ nt o the helicity of the incident light and varies only weakly with the light spot
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IPH is indepe dent of the helicity of the incident light and varies only weakly with the light spot
position. (b) Same as (a) for the iSHE measurement geometry in which electrical current is closed
before the first detecting Hall cross H1. (c) Schematics of the setup of the spin Hall transistor and
experimental Hall signals as a function of the gate voltage at a Hall cross placed behind the gate
electrode for two light spot positions with a relative shift of 1 µm. Figure form Ref. 38.
23
FIG. 18 ISHE based transistor. (a) Sche atics of the spin in-
jection Hall effect measurement setup with optically injected
spin-polarized electrical current propagating through the Hall
bar and corresponding experimental Hall effect signals at
crosses H1 and H2. The Hall resistances, RH = VH/IPH ,
for the two opposite helicities of the incident light are plot-
ted as a function of the focused light spot osi ion, i.e., of
the position of the injection point. The optical current IPH
is independent of the helicity of the incident light and varies
only weakly with the light spot position. (b) Same as (a) for
the ISHE measurement geometry in which electrical current is
closed before the first detecting Hall cross H1. (c) Schematics
of the setup of the spin Hall transistor and experimental Hall
signals as a function of the gate voltage at a Hall cross placed
behind the gate electrode for two light spot positions with a
relative shift of 1 µm. From Ref. Wunderlich et al., 2010.
3. All-optical generation and detection
The SHE and the ISHE were also observed using two-
color optical coherence control techniques in trinsic
GaAs at 80 K with polarized 70 fs, 715 and 1430 nm
pul es (Zhao et al., 2006). Whe the pulses w re orthog-
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onally polarized, a pure spin source current was gener-
ated that yielded a transverse Hall pure charge current
via the ISHE. When the pulses were parallel polarized,
a pure charge source current was generated that yielded
a pure spin-current via the SHE. By varying the relative
phase or polarization of the incident pulses, the type,
magnitude, and direction of both the source and trans-
verse currents were tuned without applying electric or
magnetic fields. In contrast to the previous steady-state
experiments, where drift currents are generated by elec-
tric fields, the injected currents are ballistic currents with
electrons traveling initially at ∼ 1000 km/s.
The generation of spin and charge currents results from
the quantum interference between absorption pathways
for one- and two-photon absorption connecting the same
initial and final states as illustrated in Fig. 19(a). For
a spin-current, a coherent pulse centered at frequency ω
with phase ϕω is normally incident along zˆ and linearly
polarized along xˆ-direction that can be arbitrary with
sespect to crystal axes since the effects are not strongly
sensitive to crystal orientation. A co-propagating 2ω
pulse with phase ϕ2ω is linearly polarized along the or-
thogonal yˆ-direction. Excited spin-up electrons are po-
larized along zˆ and move preferentially in one direction
along xˆ, while spin-down electrons move in the opposite
direction. Together they generate a spin-current propor-
tional to cos(∆ϕ) where ∆ϕ = 2ϕω − ϕ2ω. The spin-
current is dominated by electrons as holes lose their spin
in < 100 fs. Due to the ISHE, a charge current is gener-
ated (Fig. 19(a)) that has the same cosine dependence as
the spin-current source. Consistent with the ISHE phe-
nomenology, the excess charge on one side and the deficit
on the other side of the sample, shown in Fig. 19(b), was
observed along the direction perpendicular to the driving
spin-current.
The ballistic nature of transport in these experiments
was fully exploited in fs time-resolved measurements
(Werake et al., 2011). They allowed to infer the mo-
mentum scattering time τ ≈ 0.45 ps and with a much
shorter time delay of the probe pulses to observe in real
time the transverse charge current. The measurements
showed that the charge current was generated well before
the first scattering event, providing a direct demonstra-
tion of the intrinsic ISHE.
4. Electrical manipulation
A distinct feature of the ISHE experiments in the
2DEG is the observed spin precession due to internal
Rashba and Dresselhaus spin-orbit fields (Wunderlich
et al., 2009, 2010). Since the spin diffusion length scales
approximately (Wunderlich et al., 2010) as ∼ L2so/w, it
was possible to observe a few spin precessions in chan-
nels of a width w = 1 µm for Lso ∼ 1 µm of the studied
2DEG. The corresponding oscillations of the spin Hall
voltages were consistently observed by measuring at dif-
ferent Hall crosses along the channel or by shifting the
  2! 2!. We define Kx > 0 if " electrons pref-
erentially move along x^ with # electrons preferentially
moving along x^ when   0. Optically injected holes
move in opposition to electrons but lose their spin on a time
scale <100 fs [16]; therefore, hole spin is ignored in sub-
sequent discussions. Spin-dependent skew, side-jump
[17,18], and perhaps other types of asymmetric scattering
send " and # in the same direction along y^, yielding a Hall
charge current, as shown by the curved arrows in Fig. 1(a).
Since the spin current is the source for this Hall current,
these two currents have the same  dependence with the
transverse current taking the form JyHall  AHall cos.
Along with the Hall current, a transverse current produced
by the QUIC process [straight transverse arrow in Fig. 1(a)]
has been predicted [9], but not yet observed, with JyQUIC 
AQUIC sin, where AQUIC and AHall are positive coeffi-
cients. The spin and charge currents decay via momentum
relaxation, although the latter is also influenced by space
charge effects. Note that, in comparison with other obser-
vations of the spin Hall effect, our sample is intrinsic, with
the holes playing the role of spin-scattering ‘‘impurities’’;
the currents are ballistic and can be produced anywhere on
the sample. Given that the spin-dependent scattering time
is much longer than a typical momentum relaxation time,
one can expect that  a single scattering event will lead to
a particular electron contributing to the Hall current.
For the experiments, a sample consisting of 10 periods
of 14 nm wide GaAs wells (Eg  1:542 eV at 80 K) alter-
nating with 14 nm thick Al0:3Ga0:7As barriers was grown
on a (100)-oriented GaAs substrate (removed for the ex-
periments). All effects reported here have also been ob-
served in bulk, intrinsic GaAs. An optical parametric
oscillator produces 70 fs (full width at half maximum) !
pulses centered at 1430 nm, with 2! pulses centered at
715 nm obtained by frequency doubling. The  is
controlled using a scanning interferometer and pulse polar-
izations are selected independently. The pulses are cofo-
cused to a w 3 m diameter spot on the sample. For
2@! Eg  193 meV, the electrons are injected with a
speed 103 km=s. For a 2! pulse fluence of 1:5 J=cm2,
the injected electron density is 1017 cm3; the ! pulse
fluence is set to generate approximately the same density.
For this density the momentum relaxation time is 100 fs,
governed by phonon and carrier-carrier scattering [19].
The source spin current is detected via spin accumula-
tion that follows spin motion [12]; such accumulation is
proportional to the source current. Upon injection, " and #
electrons have the same  Gaussian spatial profile with the
same peak density, i.e., N#x; y; t  0  N"x; y; t  0.
The two profiles move in opposite directions and separate
by an effective distance LS by the time momentum and
skew scattering are complete. This spin separation persists
long after the currents have vanished, decaying eventually
by spin relaxation, carrier diffusion, and recombination as
we have independently verified. The magnitude of LS is
determined by: (i) the fraction of the total injected density
that is spin polarized and that travels along x^; (ii) the initial
injection velocity [20]; and (iii) the momentum relaxation
time. For our experimental conditions, LS is expected to be
<100 nm, and therefore, we use a derivative technique to
achieve sub-optical-wavelength resolution [12]. When
LS  w, the net spin accumulation S  N"x; y 
N#x; y  LSdN"=dx, with the sign giving the spin flow
direction. The S, centered on x; y, is measured using a
100 fs, 808 nm, linearly polarized probe pulse that is
focused onto the sample with a 3 m (FWHM) diameter.
The probe arrives 10 ps after the pump pulses by which
time carrier thermalization and momentum relaxation are
complete, but not electron recombination or spin relaxa-
tion. The probe spectrum is centered on the heavy-hole
exciton for efficient sampling of N# and N". The efficiency
of this sampling is the reason for choosing to present
results for the quantum well sample. Circular dichroism,
i.e., absorption difference for right and left circularly po-
larized probe beam components in the presence of " and #
electrons, is used to deduce [12] S.
The transverse charge current is similarly measured via
electron (and hole) accumulation [11]. For the charge
current, " and # electrons move in the same direction and
so the entire charge profile moves by LC, where
Nx; y  LCdN=dx and Nx; y denotes the total elec-
tron density. In contrast to LS, the magnitude of LC is
influenced by space charge fields produced by electron-
hole separation; thus, LC and LS cannot be directly com-
z [100]^
x^
y^
2 2
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(a) (b)
FIG. 1 (color online). (a) Illustration of orthogonally polarized
! and 2! pulses producing a pure spin current (double headed
straight arrow) along ! beam polarization direction (x^). A Hall
charge current (curved arrows) and a transverse QUIC charge
current along y^ lead to electron accumulation near one edge of
the illuminated region. (b) Same as (a) except for collinearly
polarized pulses producing a QUIC charge current along x^ and
leading to a Hall pure spin current (curved arrows) and a
transverse QUIC pure spin current (double headed arrow) result-
ing in up and down spin accumulations along y^.
Inset: schematic showing how ! and 2! pulses connect valence
and conduction band states for current generation.
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pared without additional information. The Nx; y is mea-
sured through differential transmission TN (i.e., the
transmission with and without pump beams) of a linearly
polarized probe pulse, for which TN=T / N when
TN  1, where T is the linear transmission. Finally,
N is measured by monitoring the phase-dependent com-
ponent of the differential transmission T=T / N
with a lock-in amplifier slaved to the interferometer scan-
ning frequency. Using these procedures, we simulta-
neously measure S and N at each x; y in the spot as
a function of .
Figures 2(a) and 2(b) show the measured  depen-
dence of S and N as the probe is scanned first along x^
(for y  0), then along y^ (for x  0) with the pump focal
spot center defining x  y  0. The scans along x^
[Fig. 2(a)] show " accumulation for one sign of x, # accu-
mulation for the other sign, and periodic reversal with .
No charge accumulation is measured anywhere along x^.
These observations confirm a pure spin source current
along x^. The scans along y^ [Fig. 2(b)], which show regions
of charge accumulation that oscillate with , confirm a
transverse charge current along y^. The charge current has a
different  dependence from the spin current, suggesting
the presence of in-phase (Hall) and quadrature (QUIC)
components.
The Hall and QUIC contributions to the transverse cur-
rent can be unambiguo sly distinguished by measuring the
charge and spin accumulations as a function of x; y for
  0 and   =2, as shown in Fig. 3. For the data in
Figs. 3(a) and 3(b) we adjusted  so that the source
current is maximal (  0; ; 2 . . . ), with the trans-
verse QUIC current therefore zero. Under these conditions,
the N shown in Fig. 3(b) results from the Hall current
generated by the source spin current displayed in Fig. 3(a).
For Figs. 3(c) and 3(d)  is chosen so that the spin source
current, and therefore, the Hall current is zero. Figure 3(d)
is thus a contour plot of the N produced by the transverse
QUIC current predicted theoretically [9]. Through the
appropriate choice of  one can ‘‘tune’’ the source
current magnitude and direction as well as that of the
two transverse currents.
By polarizing both beams along the same (x^) direction as
depicted in Fig. 1(b) one can produce a QUIC source
charge current of the form [8] Jx / sin that is capable
of producing the ballistic analogue to the previously ob-
served spin Hall current [4,5]. In this case, spin-dependent
scattering deflects " and # electrons in opposite directions
along y^ to produce a pure spin current given by KyHall BHall sin. Also along y^, a current of the form
KyQUIC  BQUIC cos is generated by the QUIC pro-
cess, as earlier predicted [9], but not yet observed. The
procedures used to measure the charge and spin currents
via accumulation effects are analogous to those used to
FIG. 2 (color). (a) Contour map showing dependence of S
induced by a source spin current on  and position along x^
(y  0). (b) Corresponding contour map of combined Hall and
QUIC N measured along y^ (x  0).
FIG. 3 (color). Spatial contour maps showing: (a) the spin S
and (b) the charge N accumulations for   0 associated
with the pure spin source and Hall ch rge currents, respectively;
(c) and (d) show S and N for   =2, when the pure spin
source current is zero and only a transverse QUIC charge current
is present. Approximate spin and charge densities can be ob-
tained by multiplying S and N by 1015 cm3.
PRL 96, 246601 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending23 JUNE 2006
246601-3
pared without additional information. The Nx; y is mea-
sured through differential transmission TN (i.e., the
transmission with and without pump beams) of a linearly
polarized probe pulse, for which TN=T / N when
TN  1, where T is the linear transmission. Finally,
N is measured by monitoring the phase-dependent com-
ponent of the differential transmission T=T / N
with a lock-in amplifier slaved to the interferometer scan-
ning frequency. Using these procedures, we simulta-
neously measure S and N at each x; y in the spot a
a function of .
Figures 2(a) and 2(b) show the measured  depen-
dence of S and N as the probe is scanned first along x^
(for y  0), then along y^ (for x  0) with the pump focal
spot center defining x  y  0. The scans along x^
[Fig. 2(a)] show " accumulation for one sign of x, # accu-
mulation for the other sign, and periodic reversal with .
No charge accumulation is measured anywhere along x^.
These observations confirm a pure spin source current
along x^. The scans along y^ [Fig. 2(b)], which show regions
of charge accumulation that oscillate with , confirm a
transverse charge current along y^. The charge current has a
different  dependence from the spin current, sugg sting
the presence of in-phase (Hall) and quadrature (QUIC)
components.
The Hall and QUIC contributions to the transverse cur-
rent can be unambigu usly distinguished by easuring the
charge and spin ccumulations as a function of x; y for
  0 and   =2, as shown in Fig. 3. For the dat in
Figs. 3(a) and 3(b) we adjusted  so that the source
current is maximal (  0; ; 2 . . . ), with the trans-
verse QUIC curr nt therefore zero. Under thes conditi ns,
the N shown in Fig. 3(b) results from the Hall current
generated by the source spin current displayed in Fig. 3(a).
For Figs. 3(c) and 3(d)  is chosen so that the spin source
current, and therefore, the Hall current is zero. Figure 3(d)
is thus a contour plot of the N produced by the transverse
QUIC current predicted theoretically [9]. Through the
appropriate choice of  one can ‘‘tune’’ the source
current magnitude and directi n as well as that of the
two transverse currents.
By polarizing both beams along the same (x^) direction as
depicted i Fig. 1(b) one can roduce a QUIC source
charge current of the form [8] Jx / s  that is capable
of producing the ballistic an logue to the pr viously ob-
served spin Hall current [4,5]. In this case, spin-dependent
scattering deflects " and # electrons in opposite directions
along y^ to produce a pure spin current given by KyHall BHall si . Also along y^, a current of the form
KyQUIC  BQUIC cos is generated by the QUIC pro-
cess, as earlier predicted [9], but not yet observed. The
procedures used to measure the charge and spin currents
via accumulation effects are analogous to those used to
FIG. 2 (color). (a) Contour map showing dependence of S
induced by a source spin current on  and position along x^
(y  0). (b) Corresponding contour map of combined Hall and
QUIC N measured along y^ (x  0).
FIG. 3 (color). Spatial contour maps showin : (a) the spin S
and (b) he charge N accumula ions for   0 associ ted
with the pure spi s urce and Hall charge currents, respectively;
(c) and (d) show S and N for   =2, when the pure spin
source urrent is zero only a transverse QUIC charge current
is present. Approximate spin and charge densities can be ob-
tained by multiplying S and N by 1015 cm3.
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FIG. 3: Observation of the iSHE using the two-color optical pump-and-probe technique. (a)
Illustration of orthogonally polarized ω and 2ω pulses producing a pure spin current (double headed
straight arrow) along ω beam polarization direction (xˆ). The charge current due to the iSHE
(curved arrows) along yˆ leads to electron accumulation near one edge of the illuminated region.
(b) Measured charge accumulation due to the iSHE. Figure from Ref. 31.
the opposite end of the channel from the p-n junction injection point (Fig. 4(a)). The other
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FIG. 19 Observation of the ISHE using the two-color optical
pump-and-probe technique. (a) Illustration of orthogonally
polarized ω and 2ω pulses producing a pure spin-current (dou-
ble headed straight arrow) along ω beam polarization direc-
tion (xˆ). The harge current due to the ISHE (curved arrows)
along yˆ leads to electron accumulation near one edge of the
illuminated region. (b) Measured charge accumulation due to
he ISHE. From Ref. Zhao et al., 2006.
laser spot, i.e., the spin injection point (Fig. 18). The lat-
eral ISHE channels also all w to place top gate electrodes
in between the Hall crosses as shown in Fig. 18(c). (The
gates are formed by unetched regions of the wafer). The
strength of the Rashba and Dresselhaus spin-orbit fields
and, therefore, also the spin precession can be manipu-
lated electrically in he device sho in Fig. 18(c). To
demonstrate an AND logic functi nality, two gates w re
fabricated n top of the channel and the Hall lectrical
signal as measured at a cross placed b hind b th ga es.
Intermediate gate voltages on both gates repre ented the
input value 1 and gave th largest electrical I HE signal,
r presenting the output value 1. When a large reverse
gate voltage was applied to any of the two gates, repre-
senting input 0, the electrical ISHE signal disappeared,
i.e., the output was 0.
A different approach to achieve the control of spin-
currents is by directly modifying the spin-orbit coupling
strength on a given mat rial, which in tur determines
the spin Hall angle. The lectronic band structure and
impurity states are weakly dependent on an external elec-
tric field and therefore cannot be used to change the spin-
orbit strength. However, Okamoto et al., 2014 noted that
the electric field can ind ce a carrier redistribution within
a band or multiple bands. Therefore, if the electrons gen-
erating the SHE can be controlled by populating different
areas (valleys) of the electronic structure, the spin-orbit
interaction (and the spin Hall angle) can be tuned di-
ectly within a single sample. Ok moto et al., 2014 re-
ported such a tuning in bulk GaAs at room temperature
by means of an electrical intervalley transition induced
in the conduction band. The spin Hall angle was de-
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termined by measuring an electromotive force driven by
photoexcited spin-polarized electrons drifting through n-
GaAs Hall bars. By controlling electron populations in
the Γ and L valleys with an applied electric field (part of
the p-character in the L valley provides a larger effective
spin-orbit interaction), the angle was changed by a fac-
tor of 40, from 0.0005 to 0.02 for moderate electric fields
beyond 100 kVm−1. Thus the highest spin Hall angle
achieved is comparable to that of Pt.
C. Transport experiments
Hirsch, 1999 and Zhang, 2000, discussed specific con-
cepts for the experimental detection of the SHE and ISHE
using DC transport techniques. Hirsch, 1999 proposed a
device that consists of a metallic slab in which spin ac-
cumulation is generated by an electrical current via the
SHE, as described in Sec. II (see Fig. 2). A transverse
strip connects the edges of the slab, allowing the spin-
current to flow through it. Due to the ISHE, a voltage
is generated that can be measured with a voltmeter. In
an alternative approach, Zhang, 2000 proposed to detect
the spin accumulation electrically using a FM probe. The
concept borrows from techniques for spin injection and
detection in NM implemented in nonlocal spin devices
(Johnson and Silsbee, 1985; Silsbee, 1980).
Shortly after the optical SHE detection in semiconduc-
tors (Kato et al., 2004a; Wunderlich et al., 2004, 2005),
Valenzuela and Tinkham, 2006 reported an observation
of the voltage generated by the ISHE. Instead of gener-
ating the spin-current by the SHE, which would render
a second order voltage in the spin Hall angle, they used
electrical spin injection from a FM in combination with
a Hall cross patterned in the ISHE paramagnet. Simul-
taneously, Saitoh et al., 2006 observed the voltage gen-
erated by the ISHE in a set-up where the spin-injection
from the FM to the NM was achieved using the SP tech-
niques. Kimura et al., 2007 combined the concept of the
spin Hall cross and the proposal by Zhang, 2000 to de-
tect both the SHE and the ISHE in the same device. It
took a few more years to demonstrate the idea of Hirsch
of simultaneously exploiting both the SHE and the ISHE
in an electrical device. Eventually, Bru¨ne et al., 2010
performed the experiment in a ballistic H-bar semicon-
ductor device (Hankiewicz et al., 2004). The transport
SHE and ISHE experiments are described in detail below
in Sec. IV.C.1-IV.C.5.
More recently, the SHE was also detected via the ma-
nipulation of magnetization in FMs (Liu et al., 2011;
Miron et al., 2011b). Spin-currents generated by the
SHE were shown to be sufficiently large to induce mag-
netization dynamics, drive domain walls, or switch mag-
netization in the FM, demonstrating the potential of the
SHE for applications (Emori et al., 2013; Liu et al., 2012;
Miron et al., 2011a,b; Ryu et al., 2013). These SHE ex-
periments together with the ISHE measurements via SP
are discussed in Sec. IV.D.
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FIG. 20 (a) Nonlocal spin detection and spin accumulation
(a) Schematic illustrations of the device layout. An injected
current I on the source (F1) generates spin accumulation in
the NM (N) which is quantified by the detector (F2) voltage
VNL. (b) Schematic representation of the spin splitting in
the electrochemical potential induced by spin injection. The
splitting decays over characteristic lengths λsf over the N side.
(c) Detector behavior for an idealized Stoner FM with a full
spin subband for the parallel magnetization orientation (top)
and for the antiparallel magnetization orientation (bottom).
1. Concepts of nonlocal spin transport. Electrical injection and
detection
Johnson and Silsbee, 1985 reported the injection and
detection of nonequilibrium spins using a device that con-
sisted of a NM, N, with two attached FM electrodes (F1,
F2), illusrated in Fig. 20. In this device, spin-polarized
electrons are injected from F1 into N by applying a cur-
rent I from F1 that results in spin accumulation in N.
The population of, say, spin-up electrons in N increases
by shifting the electrochemical potential by δµN , while
the population of spin-down electrons decreases by a sim-
ilar shift of −δµN . Overall, this corresponds to a spin-
accumulation splitting of 2δµN . The spin accumulation
diffuses away from the injection point and reaches the F2
detector, which measures its local magnitude.
As first suggested by Silsbee, 1980, the spin accumu-
lation in N can be probed by the voltage VNL, which is
induced at F2. Silsbee noted that the density polariza-
tion in N, or equivalently the nonequilibrium magnetiza-
tion, acts as the source of spin electromotive force that
produces VNL. The magnitude of VNL is associated with
δµN , while its sign is determined by the relative magne-
tization orientation of F1 and F2.
Because the current is applied to the left on N, there
is no charge current towards the right, where the de-
tector F2 lies (Fig. 20(a)). For this reason, the spin
detection is said to be implemented nonlocally, where
no charge current circulates by the detection point, and
thus VNL is sensitive to the spin degree-of-freedom only.
Accordingly, nonlocal measurements eliminate the pres-
ence of spurious effects associated to charge transport,
such as anisotropic magnetoresistance (AMR) or the or-
dinary HE that could mask subtle signals related to spin
injection. Typically, nonlocal devices exhibit a small
output background allowing sensitive spin-detection ex-
periments. This approach has been widely used in re-
cent years to characterize the spin transport in met-
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als, semimetals, semiconductors, superconductors, car-
bon nanotubes and graphene. It has also been used to
study the spin transfer properties of FM/NM material
interfaces.
2. Nonlocal detection of inverse spin Hall effect with lateral
spin-current
Valenzuela and Tinkham, 2006, 2007 adapted the non-
local detection techniques to study the ISHE. Their de-
vice is schematically shown in Fig. 21(a). By using a FM
electrode F, a spin-polarized current is injected in a non-
magnetic strip. It propagates to both sides away from the
injection point and decays with the spin diffusion length,
λsd. A laterally induced voltage VSH , which results from
the conversion of the injected spin-current into charge im-
balance owing to the ISHE, is then measured using a Hall-
cross structure. The magnitude of VSH is determined by
the anomalous Hall operator, σSH σˆ×Eσ, where σSH de-
notes the spin Hall conductivity, σ is the spin index, and
Eσ is an effective spin-dependent “electric” field, which
follows from the spin-dependent electrochemical poten-
tial µσ along the NM al strip, i.e. Eσ(r) = −∇µσ(r).
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FIG. 21 (a) Spin-current induced Hall effect or inverse spin
Hall effect (ISHE). Schematic representation of an actual de-
vice where the pure spin-current is generated by spin injec-
tion through a FM (F) with out-of-plane magnetization. (a)
Device fabricated with CoFe electrodes (light color) and an
Al channel (dark color). Adapted from Ref. Valenzuela and
Tinkham, 2006.
In the device of Fig. 21(b), the injector electrode F1 is
made of CoFe, while the strip material is Al with thick-
ness tAl. The full device is fabricated without break-
ing vacuum using electron beam evaporation and shadow
evaporation techniques. An Al2O3 tunnel barrier is used
for spin-current injection. The purpose of the barrier is
two-fold. First, it enhances the polarization of the in-
jected electrons and, second, it assures a uniform current
injection. The latter is essential because it suppresses
the flow of charge current towards the Hall cross, pre-
serving the nonlocal character of the measurements and
eliminating the previously mentioned spurious effects.
The FM electrode is magnetized in-plane at zero mag-
netic field due to shape anisotropy and thus an out-of-
plane magnetic field B⊥ is used to generate a perpendicu-
larly polarized spin-current at the Hall-cross (Fig. 21(b)).
Spin imbalance in the Al film occurs with a defined spin
direction given by the magnetization orientation of the
F1 electrode. Consequently, VSH is expected to vary
when B⊥ is applied and the magnetization M of the elec-
trode is tilted out of the substrate plane. Defining θ as
the angle between M and the electrode axis, it follows
from the cross product in the anomalous Hall operator
that VSH is proportional to sin θ, correlating with the
component of M normal to the substrate (Fig. 21(b)).
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FIG. 22 Observation of the ISHE (right) in a metal device
with an electrical spin injection from a FM, compared with
the spin detection by the non-local spin valve effect (left).
The light color FM electrodes in the micrographs are made of
a CoFe alloy. The dark color Hall cross is made of Al. From
Ref. Valenzuela and Tinkham, 2006.
The device layout in Fig. 21(b) is more sophisticated
than the schematics in Fig. 21(a), where only F1 is re-
quired. The second electrode (F2) together with F1
and the N strip form a spin injection/detection device
(Fig. 22(a)) for the purpose of calibration. Calibra-
tion procedures are necessary to demonstrate consistency
with standard nonlocal methods. Explicitly, this de-
vice can be utilized to measure the spin accumulation
in the NM and then determine its associated spin dif-
fusion length λsd, the spin polarization of the injected
electrons P , and the magnetization orientation of the
FM electrodes θ in the presence of an external magnetic
field (perpendicular to the substrate). For this purpose,
batches of samples are commonly used where the distance
between the two FMs, LF , is modified and the spin pre-
cession signal acquired (Fig. 22(b)). The distance of F1
relative to the Hall cross, LSH , is also modified in order
to test the consistency of the spin diffusion results. Sub-
sequent measurements in the configuration of Fig. 22(c),
performed in Al of different tAl, and thus different λsd,
yielded σSH ∼ 20−40 (Ωcm)−1 and αSH ∼ 1−3×10−4,
which compares well with theoretical estimates based on
extrinsic mechanisms (Shchelushkin and Brataas, 2005).
Olejn´ık et al., 2012 used the same geometry to de-
tect the ISHE in n-GaAs using epitaxial ultrathin-
Fe/GaAs injection contacts with strong in-plane mag-
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netic anisotropy. Hybrid semiconductor/metal-FM
structures suffered for a long time from the resistance
mismatch problem (Schmidt et al., 2000). Since the spin
transport relies on different conductivities for spin-up
and spin-down electrons and is governed by the least
conductive part of the device, the effects are weak in
devices in which the non-magnetic semiconductor with
equal spin-up and spin-down conductivities dominates
the resistance of the device (Rasbha, 2000). The in-
troduction of a highly resistive tunnel barrier between
the FM metal electrode and the semiconductor channel
solved the problem (Lou et al., 2007; Rasbha, 2000).
The device of Olejn´ık et al., 2012, shown in Fig. 23(a),
comprised the n-GaAs channel, a Hall-cross, and two
Fe electrodes as in Fig. 21(a) with Fe Schottky injec-
tion contact. The Fe/n-GaAs heterostructure was grown
epitaxially in a single molecular beam epitaxy chamber
without breaking ultrahigh vacuum. The heterostructure
contained 250 nm of low Si-doped GaAs (5×1016 cm−3),
15 nm of GaAs with graded doping, and 15 nm of highly
Si-doped GaAs (5×1018 cm−3). The purpose of the dop-
ing profile was to create a narrow tunnel Schottky barrier
between GaAs and Fe favorable for spin injection or de-
tection. It was then possible to simultaneously detect the
spin-current in n-GaAs generated by nonlocal injection
from a Fe contact by using the ISHE and the spin accu-
mulation by using the additional Fe contact (Figs. 23(b)
and (c)). The spins were manipulated by spin precession
with an external magnetic field combined with drift us-
ing an external bias (Huang et al., 2007). In this case,
the magnetic field was applied in-plane (x-direction) to
precess the spin accumulation into the out-of-plane di-
rection, so that it could be detected by the ISHE. The
signal first increases at low fields but then is suppressed
due to spin dephasing (Fig. 23(c)).
Devices described above required the application of a
magnetic field for observing the ISHE. Seki et al., 2008
used a FM (FePt) with an out-of-plane anisotropy, which
enabled them to measure the ISHE in Au without mag-
netic fields. The device was fabricated with the geometry
in Fig. 21 using ohmic contacts. The measurements pre-
sented a rather large background voltage, which is likely
due to the flow of charge current at the position of the
Hall cross (Mihajlovic et al., 2009). The use of ohmic
contacts, as opposed to tunnel barriers, results in inho-
mogeneous in-plane current injection. Because the width
of the Au wire and the distance of the Hall cross were
comparable, some current reached the Hall cross con-
tributing to the background. By considering that the
voltage was independent of the magnetization of the in-
jector electrodes, Seki et al. deduced αSH = 0.113 for Au
at 295 K, which was weakly dependent on temperature.
This large αSH was first attributed to resonant scattering
in the orbital-dependent Kondo effect of Fe impurities in
the Au host metal (Guo, 2009). In the follow-up work,
Sugai et al., 2010 found that αSH ∼ 0.07 was approxi-
mately independent of the Fe concentration. Seki et al.,
2010 further observed a reduction of αSH from 0.1 to
a
FIG. 23 (a) Schematic of the device used to detect the ISHE
in n-GaAs. Current is injected on the Fe-electrode on the
right, the voltage generated by ISHE and by spin accumula-
tion are detected simultaneously with the Hall cross and the
Fe-electrode on the left, respectively. The spin transport can
be further modified by a drift current applied between the
outermost Au electrodes. (b) and (c) show the experimen-
tal symmetrized nonlocal spin injection/detection signal and
the antisymmetrized ISHE signal in the in-plane hard-axis
field for constant spin-injection bias current (300 µA) and for
three different drift currents. From Ref. Olejn´ık et al., 2012
0.03 when the thickness was decreased from 10 nm to 20
nm in Au. Additionally, Gu et al., 2010 obtained sim-
ilar results in Pt-doped Au by co-deposition of Pt and
Au with magnetron sputtering (1.4% Pt). These results
in combination with ab initio and quantum Monte Carlo
calculations for the skew scattering due to a Pt impurity
led to the proposal of a much larger αSH in the surface
of Au than in the bulk (Gu et al., 2010).
3. Nonlocal detection of spin Hall effects with vertical
spin-current
The approach described in the previous section en-
ables proper quantification of the spin Hall angle because
of the direct measurements of the spin diffusion length.
However, it is suitable for materials that have spin dif-
fusion lengths beyond tens of nanometers. For smaller
spin diffusion lengths, Kimura et al., 2007 modified this
approach using the device structure shown in Fig. 24(a).
The structure comprises a Hall cross where the material
of the transverse arm is the large spin-orbit coupling NM
N2 with short λsd, which acts as a spin-current absorber
that induces VSH via the ISHE. The longitudinal arm,
on the other hand, is made of a NM N1 with long spin
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FIG. 24 (a) Schematic illustration of a nonlocal device to
measure the direct and inverse spin Hall effect in materials
(N2) with short spin relaxation length λN2sd . (b) Schematic
illustration of the charge accumulation process in N2 (left)
due to the ISHE when a spin-current is injected from F as
in (a). Schematic illustration of the charge to spin-current
conversion due to the SHE when a current is applied to N2.
This process generates spin accumulation that is detected by
measuring the voltage at which F floats. See (Kimura et al.,
2007). Adapted from Ref. Valenzuela and Kimura, 2012.
diffusion length that fulfils the purpose of transporting
spin information between the FM electrode (F) and N2.
The way the measurements are performed is sketched
in Fig. 24(b) (left). A charge current is injected from
F into N1 that induces a spin-current towards N2 po-
larized in-plane in the direction parallel to the N1 arm.
When the distance between F and the cross is smaller
than the spin diffusion length in N1, the spin-current is
preferably absorbed into the transverse arm N2 because
of the strong spin relaxation in N2. The injected vertical
spin-current into N2 vanishes in a short distance from
the N1/N2 interface because of the short spin diffusion
length of N2 and generates a transverse voltage via the
ISHE.
This device can be also used to measure the SHE.
The bias configuration is modified as shown in Fig. 24(b)
(right). Here, N2 acts as a spin-current source, which in-
duces a spin accumulation in N1 that is detected with the
FM electrode F, as originally proposed by Zhang, 2000.
Kimura et al., 2007 used permalloy (Py) as the FM
source, and Cu and Pt as N1 and N2, respectively (see
Fig. 25). The materials were deposited by electron-beam
evaporation. The devices were fabricated with transpar-
ent interfaces between Py and Cu and between Pt and
Cu. Ar ion beam etching was done prior to depositing
Cu in order to clean the surfaces of Py and Pt, a method
that has been repeated in the other studies described be-
low. The long spin diffusion length of Cu (about 500
nm) assured that the spin-current reached Pt, which was
4 nm thick. The measurements were interpreted with
a one-dimensional model by assuming that the induced
spin-current at the Cu/Pt interface was completely ab-
sorbed by the Pt. The spin relaxation length for Pt was
assumed (not measured) to be λsd = 3 nm. Kimura et al.,
2007 then obtained that σSH ∼ 2.4 × 102 (Ωcm)−1 and
αSH = 3.7× 10−3.
Over the last few years some of the initial simplifi-
cations that are mentioned above have been removed,
b c
FIG. 25 (a) Scanning electron microscope (SEM) image of
the fabricated spin Hall device to measure the SHE in Pt to-
gether with a schematic illustration of the fabricated device.
(b) Signal due to de ISHE at 77 K. The black and grey curves
show measurements for the two opposite sweeps of the mag-
netic field. Spin-accumulation signal generated by SHE at 77
K. Insets: measurement set-up. NiFe, Cu and Pt are in grey,
pink and yellow, respectively. From Ref. Kimura et al., 2007.
leading to more reliable quantitative interpretations of
the experimental results. Vila et al., 2007 noted that the
absorption efficiency of the spin-current may depend on
the device geometry and temperature. They modified
the design of Fig. 25 to a conventional nonlocal spin in-
jection/detection structure where a Pt electrode was in-
serted between the FM Py electrodes (see Fig. 26). This
change enabled them to determine explicitly the magni-
tude of the absorbed spin-current. By comparing with
reference devices without the Pt insertion, they observed
that the ratio between the spin signal with and without
Pt varied from 0.35 at 5 K to 0.2 at room temperature,
irrespective of the Pt thickness. They then performed
systematic spin absorption studies as a function of the
Pt thickness, obtaining that λsd for Pt was 10 nm and
14 nm at room temperature and at 5 K, respectively.
The Pt thickness dependence of the ISHE signal re-
sulted in somewhat lower λsd for Pt of 7 nm and 8 nm
at room temperature and at 5 K, respectively, still more
than a factor of 2 larger than previously assumed. The
obtained value of σSH ∼ 3.5 × 102 Ωcm−1 was larger
than that in the Kimura et al., 2007 experiment; this is
because the assumption of the complete spin-current ab-
sorption into the Pt wire led to underestimating the spin
Hall conductivity.
Additionally, Vila et al., 2007 found that the spin Hall
conductivity was nearly constant as a function of tem-
perature indicating that the spin Hall resistivity likely
evolves in a quadratic form with the Pt resistivity in the
analyzed temperature range, which was initially associ-
ated to a side jump origin of the SHE. However, this
resistivity dependence can also be associated with the
30
iSHE
SHE
FIG. 26 (a) SEM image of the typical device for SHE mea-
surements and an illustration of the device. (b) Direct and
inverse SHE (SHE and ISHE) recorded at T = 10 K using a
device with a Pt-thicness of 20 nm, altogether with the AMR
from the Py wire measured on the same condition. SHE mea-
surement corresponds to VBC/IAE , and ISHE to VEA/IBC ;
with V the voltage, I the applied current; A, B, C and E
are the contact leads as denoted in the SEM image. From
Ref. Vila et al., 2007.
intrinsic mechanism (Kontani et al., 2009; Tanaka et al.,
2008).
Niimi et al., 2011 further included a correction factor
0 < x < 1 that accounted for the fact that the transverse
charge current induced by the ISHE is partially shunted
by the wire N1 above the N1/N2 interface or, conversely,
that the charge current that induces the spin-current via
the SHE does not only flow through N2 but also leaks
into N1 (see also (Liu et al., 2011)). In order to deter-
mine x experimentally, they measured the voltage drop
of two identical N2 nanowires with and without shunting
N1 bridges. Within a one-dimensional circuit model, the
current flowing into the N2 wire I0 was assumed to divide
into two components at the N1/N2 interface: xI0 for the
N2 wire and (1 − x)I0 for the N1 bridge. With this, x
was estimated to be 0.36± 0.08 for Cu (N1), when using
a number of transition metals and alloys as N2 (Morota
et al., 2011; Niimi et al., 2011), therefore appearing to
be rather insensitive to the resistivity of N2. Because of
this correction, former reports underestimated σSH by a
factor x−1 ∼ 2.8. Such large correction is to be expected
given that the N1 wire (usually Cu or Ag) is highly con-
ductive (conductivity ∼ 3 − 5 × 107 (Ωm)−1) and thick
(∼ 100 nm), when comparing with N2 (∼ 105 − 107
(Ωm)−1 and ∼ 10 nm).
In addition, Niimi et al., 2011 and Morota et al., 2011
pointed out that the spin-currents injected in N2 should
dilute when its thickness tN2 is larger than the spin diffu-
sion length in N2 leading to smaller spin Hall signals. To
correct for this effect, they obtained an aggregate spin-
current in N2 by integrating over tN2, which was then
divided by tN2; they also forced the spin-current to be
zero at the bottom surface of N2.
Niimi et al., 2011 reported αSH = 0.021 ± 0.006 for
the skew scattering off Ir in a Cu matrix, which is con-
sistent with experimental work relying on spin polarized
currents generated by dilute Mn impurities, for which
αSH = 0.026 (Fert et al., 1981; Fert and Levy, 2011). The
spin Hall angle was extracted with CuIr wires that were
prepared with different Ir concentrations (0%, 1%, 3%,
6%, 9%, and 12%) using magnetron sputtering. They
measured ρH of CuIr as a function of the resistivity in-
duced by the Ir impurities, defined as ρimp = ρCuIr−ρCu,
finding a simple linear dependence up to Ir concentration
of 12%. This is presented as a proof that the dominant
mechanism of the extrinsic SHE induced by the Ir impu-
rities is the skew scattering, with αSH = ρ
H/ρimp.
Morota et al., 2011 investigated the ISHE and SHE
in 4d and 5d transition metals, Nb, Ta, Mo, Pd, and
Pt. Nb, Ta, and Mo wires were deposited by magnetron
sputtering while Pd and Pt wires were grown by electron-
beam evaporation. In particular, for Pt, they obtained a
spin Hall angle σSH = 0.021±0.005 that was roughly 6×
larger than that in Kimura et al., 2007. Such a difference
can be explained with the above corrections. They also
found that the sign of the spin Hall conductivity changes
systematically depending on the number of d electrons,
a tendency that is in good agreement with theoretical
calculations based on the intrinsic SHE (Kontani et al.,
2009).
More recently, Niimi et al., 2012 studied the ISHE
and SHE by introducing a small amount of Bi impuri-
ties in Cu. The alloy Cu1−xBix were deposited by mag-
netron sputtering from Bi-sintered Cu targets with dif-
ferent Bi concentrations (0%, 0.3%, 0.5%, 1%, 3%, and
6%). The spin Hall resistivity was derived by 1D and
3D calculations as a function of the resistivity induced
by the Bi impurities. As for the case with Ir impuri-
ties, the experimental results follow the linear variation
of the spin Hall resistivity characteristic of skew scatter-
ing by dilute impurities but only at the lowest concen-
trations (< 1%). At larger concentrations, inhomoge-
neous distribution on Bi results in the departure from
the dilute impurity regime. From the slope ρH/ρimp
in the linear regime, αSH was estimated with the stan-
dard 1D analysis above, and with more accurate 3D cal-
culations, resulting in αSH(1D) = −(0.12 ± 0.04) and
αSH(3D) = −(0.24± 0.09) at 10 K.
The 3D calculations yield a larger αSH because spin
accumulation is observed to spread at the side edges of
the CuBi/Cu junction, which is not taken into account in
the 1D model. For the calculations with the 1D model,
the spin-current is considered to flow vertically into the
CuBi wire, therefore, they cannot take into account the
spin escape by lateral spreading. In general, the cor-
rection is observed to become important when the spin
diffusion length in N2 is longer than tN2. For the cases of
CuIr or Pt, it produces a small additional error because
the spin diffusion length in N2 is usually shorter than
tN2. For Pt, αSH was estimated to increase from 0.021
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(1D model) to 0.024 (3D model).
Nonlocal methods have been used to estimate spin Hall
angles in a number of other materials, including IrO2 (Fu-
jiwara et al., 2013), and Bi (Fan and Eom, 2008); it was
also applied to determine the sign of the spin injection
polarization of FMs by using materials with a well estab-
lished spin Hall angle, which is not possible with stan-
dard nonlocal spin injection and detection methods using
the same FM material for the two electrodes. This pro-
cedure was demonstrated for the Heusler alloy Co2FeSi
(Oki et al., 2012). The ISHE in nonlocal geometries was
also used as a probe of spin fluctuations in weak FM
NiPd alloys (Wei et al., 2012). An anomaly near the
Curie temperature was explained by the fluctuation con-
tributions to skew scattering via spin-orbit interactions;
the total magnetic moment involved in the experiment
was extremely small (less than 10−14 emu), highlighting
the very high sensitivity of the technique.
4. Direct detection of the spin Hall induced spin accumulation
As discussed in Sec. II.C, Zhang, 2000 proposed to de-
tect the spin accumulation induced by the SHE via a
FM probe directly attached in the side of a thin conduc-
tor. The magnetization of the FM points to the direction
perpendicular to the plane of the film. The method is
based on measuring the voltage at which the FM floats
depending on the direction of its magnetization, which
gives direct information of the spin accumulation at the
edge of the conductor (see section IV.C.1). The imple-
mentation of the method took several years because of
the local currents that circulate nearby the FM, which
result in spurious signals that are avoided by the nonlo-
cal methods, as described above.
Garlid et al., 2010 implemented a similar device based
on epitaxial Fe/InxGa1−xAs heterostructures (Fig. 27).
The active layers consisted of a 2.5 µm thick Si-doped
(3 − 5 × 1016 cm−3) channel, a highly doped Schottky
tunnel barrier (5×1018 cm−3), and a 5 nm thick Fe layer.
Heterostructures with In concentrations 0, 0.03, 0.05,
and 0.06 were processed using lithographic and etching
techniques into devices with 30 µm-wide channels ori-
ented along the [110] direction, which is the x direction
in Fig. 27.
It is technically difficult to fabricate a thin film with
a FM attached at its edge with the magnetization ori-
entation proposed by Zhang, 2000. To circumvent this
obstacle, Garlid et al., 2010 patterned pairs of Fe elec-
trodes so that the centers of the contacts in each pair are
2, 6, or 10 µm from the edges of the channel. However,
since the contacts are magnetized along x, and the spin
polarization generated by the SHE is oriented along z,
a magnetic field along y was applied to precess the spin
accumulation into the x direction so that it could be de-
tected. The spin accumulation is identified through the
observation of the Hanle effect in the voltage measured
between the pairs of FM contacts. The voltage first in-
creases at low fields but then is suppressed due to spin
dephasing in large fields.
The local character of the measurement causes a large
background signal due to imperfect cancelation of the
background HE voltage induced by the applied magnetic
field, of local HEs due to fringe fields generated by the
FM contacts, and voltages due to the small fraction of the
channel current that is shunted through the Fe contacts.
The HE voltages were eliminated by using the expected
symmetries of the signal, while the shunting effect was
reduced by subtracting the voltages for the two current
directions.
The results showed that the magnitude of the spin Hall
conductivity was in agreement with models of the ex-
trinsic SHE due to ionized impurity scattering. The bias
and temperature dependences of the SHE indicated that
both skew and side-jump scattering contribute to the to-
tal spin Hall conductivity. By analyzing the dependence
of the SHE on channel conductivity, which was modified
with the In content, Garlid et al., 2010 determined the
relative magnitudes of the skew and side-jump contribu-
tions to the total spin Hall conductivity.
Ehlert et al., 2014, 2012 reported measurements of
the SHE using a similar structure based on n-GaAs lay-
ers with relatively low carrier concentration (5 × 1016
cm−3) and corresponding low conductivity. The FM
voltage probes were implemented with (Ga,Mn)As/GaAs
Esaki diode structures. The heterostructures were grown
by molecular-beam epitaxy and consisted of a 1 µm-
thick n-type transport channel, a 15-nm thick n →
n+ GaAs transition layer (5 × 1018 cm−3), a 2.2-nm
Al0.36Ga0.64As diffusion barrier, and a 15-nm-thick layer
of Ga0.95Mn0.05As. The highly doped (Ga,Mn)As/GaAs
p− n junction forms an Esaki diode. This structure was
covered on the top by 2 nm of Fe and 4 nm of Au. The
purpose of Fe was to make the contacts harder magnet-
ically, which helped to keep the magnetization aligned
along their long axes during Hanle measurements. The
values of spin Hall conductivities that were extracted are
consistent with those calculated by Engel et al., 2005
but smaller than those observed by Garlid et al., 2010.
Ehlert et al., 2014, 2012 observe that the combined re-
sults of these two experiments show that both the skew
and side-jump contributions to the spin Hall conductivity
cannot be treated as fully independent of the conductiv-
ity of the channel.
5. Spin Hall injection and detection without ferromagnets
Spin injection by the SHE combined with spin detec-
tion by the ISHE in one device (Hirsch, 1999) was im-
plemented by Bru¨ne et al., 2010 using a device geometry
proposed by Hankiewicz et al., 2004. The original Hirsch,
1999 proposal required a transverse strip connecting the
edges of a slab on which spin accumulation was generated
due to the SHE. A spin-current would circulate in the
transverse strip which would then generate a measurable
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from the same wafer, but with only a series of contacts
across the channel) are shown in Fig. 1(b). These data
establish that the ferromagnetic (FM) contacts are sensitive
to the spin polarization generated by spin injection into the
channel as well as its dephasing by precession in a mag-
netic field applied in the z direction. The Fe contacts,
which have a strong easy axis along [110], show sharp
and reproducible switching behavior as well as nearly
perfect remanence.
Since the contacts are magnetized along [110] (x^), and
the spin polarization generated by the spin Hall effect is
oriented along [001] (z^), a field By is applied to precess the
spin accumulation into the [110] direction [8,17]. We
therefore expect to observe an increase in the current-
induced spin accumulation at low fields followed by a
suppression due to spin dephasing in large fields. The
signal should reverse sign when By is reversed or when
the contact magnetizations are reversed. The voltage Vab 
Vcd, shown in Fig. 1(c) for the two different magnetization
directions on the GaAs sample with a channel current jx ¼
5:7 103 A=cm2 at T ¼ 30 K, shows that the expected
behavior is superimposed on a background that remains in
spite of the differential measurement. The background is
due to (1) imperfect cancelation of the background Hall
voltage due to the applied field, (2) imperfect cancelation
of local Hall effects due to the fringe fields generated by
the FM contacts, and (3) voltages due to the small fraction
(0.1%) of the channel current that is shunted through the Fe
contacts. We can eliminate the first two effects based on the
expected symmetries of the signal. For example, reversing
the magnetizations of both Hall contacts from the þx to
x directions reverses the sign of the spin-dependent
voltage but not an ordinary Hall voltage, which can there-
fore be removed by subtracting the data obtained in the two
different parallel states. At low applied fields, local Hall
effects are due predominantly to the x components of the
contact magnetization. The corresponding fringe fields,
which are in the z direction are even with respect to
By, while the spin-dependent signal is odd in By. We can
therefore eliminate local Hall effects by retaining only the
components of the signal that are odd with respect to By.
The data from Fig. 1(c) are shown in Fig. 1(d) after
removing the first two backgrounds. By construction, these
data are odd with respect to By, and they show extrema at
intermediate fields (approximately 250 Oe) as expected.
The magnitude of the voltage at these maxima corresponds
to a spin polarization P ¼ ðn"  n#Þ=ðn" þ n#Þ  1:3% at
the sample edges, where
P ¼ eV
PFe
3m
@
2ð32nÞ2=3 : (1)
In this expression, which follows from the usual relation-
ship between the spin accumulation and the density of
states [16], PFe ¼ 0:42 is the spin polarization of Fe at
the Fermi level and  0:5 is the interfacial transparency.
There are, however, additional features in the field sweeps
near 1 kOe that do not reverse sign when the current is
reversed, and hence cannot be due to a Hall effect. These
derive from the features (at the same fields) in the data of
Fig. 1(c) and result from the current that is shunted through
the Fe contacts (and hence has a component perpendicular
to the plane) in combination with tunneling anisotropic
magnetoresistance (TAMR) at the Schottky contact [18].
This final background contribution can be minimized by
subtracting the voltages for the two current directions, as
will be done for all subsequent data shown in this Letter.
We have also performed the same measurements with
the FM contacts on opposite sides of the channel initialized
in either of the antiparallel states "# or #" . The data in this
case are shown as the solid line in Fig. 1(d) after removal of
all three backgrounds. This curve shows no signal, indicat-
ing that the spin accumulations at opposite edges of the
sample are opposite in sign.
Data taken at different contact separations for the x ¼ 0,
0.03, 0.05 and 0.06 devices at T ¼ 30 K and jx ¼ 2:9
103 A=cm2 are shown in Fig. 2. The SHE-induced spin
FIG. 1 (color online). (a) Micrograph of a spin Hall device
with Fe contacts located 10 m from the edges of the GaAs
channel. The devices with contacts closer to the edges have a
third contact in the center of the channel that is not used in this
experiment. The contact pairs ab and cd are used to measure the
spin accumulation. (b) Nonlocal spin valve (—) and Hanle effect
(d) data obtained on a GaAs device at T ¼ 60 K for jInj ¼
8:2 102 A=cm2. Hanle data are shown for both parallel and
antiparallel states of injector and detector. (c) The measured
voltage Vab  Vcd for a GaAs device with Fe contacts 2 m
from the edges at T ¼ 30 K for jx ¼ 5:7 103 A=cm2 in the
two different parallel states ("" , d) and (## , ). An offset
voltage of 13.2 mV has been subtracted from both sets of data.
(d) The same data after extraction of the spin Hall signal for both
positive (d) and negative () currents. The spin Hall signal in
the antiparallel state is shown as the solid line.
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FIG. 27 (a) Micrograph of a spin Hall device with Fe con-
tacts located 10 µm from the edges of the GaAs chann l. The
co tact pairs ab and cd are used to m asure th spin accu-
mulation. (b) Nonlocal spin valve (red lines) and Hanle effect
(black dots) data obtained on GaAs device at T = 60 K
for injection current 8.2 × 102 A/cm2. (c) Measured voltage
Vab − Vcd for a GaAs device with Fe contacts 2 µm from the
edges at T = 30 K for a channel current 5.7×103 A/cm2. An
offset voltage of 13.2 mV has been subtracted from the data.
In (b) and (c) data is shown for both parallel and antipar-
allel states of injector and detector. (d) spin Hall signal for
both positive (full circle) and negative (open circle) currents,
after removing background and extracting antisymmetric sig-
nal. The spin Hall signal in the antiparallel state is shown as
the solid red line. From Ref. Garlid t al., 2010.
voltage transverse to it (see also Sec. II and Fig. 2(c)).
The fabrication of such structure is challenging, albeit
not impossible. Hankiewicz et al., 2004 considered the
same concept but on a planar structure shaped as an H,
which is much simpler to fabricate. The device and mea-
surement principle is shown in Fig. 28 (see also Sec. II
and Fig. 2(b)). An electric current is applied in one of
the legs of the H-shaped structure and generates a trans-
verse spin-current owing to the SHE. The spin-current
propagates towards the other leg through th connecting
part and produces a measurable voltage via the ISHE.
This non-lo al vol age in the secon leg dominates local
contributions if the separation etween the legs is large
enough.
Bru¨ne et al., 2010 used devices based on high-mobility
HgTe/(Hg, Cd)Te quantum wells with a top gate elec-
trode. The H-structures consisted of legs 1 µm long and
200 nm wide, with the connecting part being 200 nm wide
and 200 nm long. The estimated mean free path in the
system was ≥ 2.5 µm, i.e., the samples are well within the
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FIG. 28 (a) Scanning electron micrograph of a H-shape de-
vice and probe configuration for spin injection via SHE and
spin detection via ISHE. (b) The inset indicates the measure-
ment configuration for current injection (arrows) and volt-
age probes. The black curve in the main panel shows the
non-local ISHE resistance signal. The blue solid curve indi-
ca es the residual voltage owing to current spreading. From
Ref. Bru¨ne et al., 2010.
quasi-ballistic regime. Sweeping the gate voltag in t
sampl allowed to vary the s rength of the Rashba spin-
orbit coupling by a varia ion of bo h the electrical field
across the quantum well and the Fer i level in the quan-
tum well. In the sa ple it was possible to electrically
tune the carrier density from strongly n-type, through
insulating, down to a p-type regime. This resulted in
a strong modulation of the ISHE voltage, as shown in
Fig. 28. In the p-regime, where the spin-orbit coupling is
strong, the signal is at least one order of magnitude larger
than in the weakly spin-orbit coupled n-regime. Detailed
numerical calculations confirmed that the observed spin
Hall signals had the ballistic intrinsic origin (Bru¨ne et al.,
2010).
An H-shaped structure was also used in graphene de-
vices (Abanin et al., 2011a). Here, a large Hall response
was observed near the graphene neutrality point in the
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presence of an external magnetic field. The results were
ascribed to spin-currents that resulted from the imbal-
ance of the Hall resistivity for the spin-up and spin-down
carriers induced by the Zeeman interaction; a process
that does not involve a spin-orbit interaction, i.e. is not
of the SHE origin, and that is largest in the cleanest
graphene samples (Abanin et al., 2011b). More recently,
the controlled addition of small amounts of covalently
bonded hydrogen atoms has been reported to induce an
enhancement of the spin-orbit interaction by three or-
ders of magnitude in graphene (Balakrishnan et al., 2013;
Castro Neto and Guinea, 2009). Such large enhancement
was estimated from nonlocal signals of up to 100 Ω, which
are observed at zero external magnetic fields and at room
temperature. From the magnetic field and the length de-
pendence of the non-local signal, a spin orbit strength
of 2.5 meV was extracted for samples with 0.05% hydro-
genation.
6. Spin Hall magnetoresistance
In bilayer FM/NM systems a new type of magnetore-
sistance has been recently discovered which is directly as-
sociated with the SHE (Huang et al., 2012; Weiler et al.,
2012). The observed magnetoresistance is given by
ρ = ρ0 + ρ1(mˆ · (jˆ × zˆ))2, (4.1)
where ρ0 is the normal resistance, ρ1 is the anisotropic
resistance amplitude, and jˆ, mˆ, and zˆ are the directional
vectors of the current, the magnetization, and the normal
to the interface. This means that the magnetoresistance
depends on the in-plane component of the magnetization
perpendicular to the current. In contrast, the conven-
tional non-crystalline AMR (McGuire and Potter, 1975)
has the form of
ρ = ρ0 + ρ1(jˆ · mˆ)2, (4.2)
with jˆ · mˆ = cos(θj−m), where θj−m is the angle between
the current and the magnetization.
This phenomenon has been termed the spin Hall mag-
netoreristance (SHMR) (Chen et al., 2013; Hahn et al.,
2013; Nakayama et al., 2013; Vlietstra et al., 2013; Weiler
et al., 2012). Its origin is illustrated in Fig. 29. When
a current flows parallel to the FM/NM interface a SHE
spin-current is generated in the NM directed to the in-
terface. If the magnetization is parallel to the polariza-
tion of the spin-current generated by the SHE, it gets re-
flected at the interface and a spin-current back flows, as
sketched in Fig. 29(a). This back flow spin-current then
gets transformed into a charge current via the ISHE in
the direction of the longitudinal current. If the magneti-
zation is instead perpendicular to the polarization of the
spin-current generated by the SHE, it can enter the FM
and dephase, as shown in Fig. 29(b). In this case there
is no spin-current back flow and no contribution via the
ISHE to the longitudinal current in the NM.
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We report anisotropic magnetoresistance in PtjY3Fe5O12 bilayers. In spite of Y3Fe5O12 being a very
good electrical insulator, the resistance of the Pt layer reflects its magnetization direction. The effect
persists even when a Cu layer is inserted between Pt and Y3Fe5O12, excluding the contribution of induced
equilibrium magnetization at the interface. Instead, we show that the effect originates from concerted
actions of the direct and inverse spin Hall effects and therefore call it ‘‘spin Hall magnetoresistance.’’
DOI: 10.1103/PhysRevLett.110.206601 PACS numbers: 72.25.Ba, 72.25.Mk, 75.47.!m, 75.76.+j
The resistance of a metallic magnet depends on its
magnetization direction, a phenomenon called magnetore-
sistance (MR). Several types of MR, i.e., anisotropic mag-
netoresistance (AMR) [1], giant magnetoresistance [2–4],
and tunnel magnetoresistance [5–9] are presently indis-
pensable in data storage technology. For these MRs to
occur, conduction electrons must pass through the magnet.
Here we report the discovery of a fundamentally different
MR that is caused by nonequilibrium proximity magneti-
zation of a metallic Pt film attached to an electrically
insulating magnet Y3Fe5O12 (YIG). Although the conduc-
tion electrons in th Pt film ca not enter the magnetic
insulator, the PtjYIG bilayer resistance reflects the magne-
tization direction of insulating YIG.
Spin transport and charge transport phenomena are
interconnected. For example, the spin Hall effect (SHE)
refers to conversion of an electric current into a transverse
spin current, i.e., a net flow of electron magnetic moments,
due to the spin-orbit interaction (SOI). The conversion
efficiency of the SHE is enhanced in he vy metals such
as Pt in which the SOI is very strong [Fig. 1(a)]. The
reciprocal of the SHE is the inverse spin Hall eff ct
(ISHE), i.e., the conversion of an injected spin current
into a transverse electric current or voltage [Fig. 1(c)].
Here the directions of electric-current flow Je, spin-current
flow Js, and spin-current polarization ! are at right angles
to one another [10–17].
The SHE generates spin currents d spin accumula-
tions. On the other hand, the ISHE has become useful for
detecting spin currents and spin-based electric power
generation [10–17]. Here a question arises: Is it possible
that SHE and ISHE operate simultaneously? Based on
our recent understanding of interfacial spin mixing at the
interface between a magnetic insulator and a metal
[18–22], we can now answer this question affirmatively.
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FIG. 1 (color). (a), (b), (c) Illustrations of the magnetic control
of the conductivity due to the direct and inverse spin Hall effects
(SHE and ISHE) in a paramagnetic thin film metal (N) with
strong spin-orbit interaction attached to a ferromagnetic insula-
tor (F). (d), (e) Illustrations of the geometric relation between
the flow of electrons and accumulated spins in N ¼ Pt and the
magnetization in the magnetic insulator F ¼ YIG. (f) Schematic
illustration of the spin accumulation generated by nonequilib-
rium proximity due to the SHE in N. At the interfaces of N, the
spin accumulation is formed depending on its spin polarization
direction. Dashed curves in N show the electron motions with
different spin polarization directions; the blue (red) arrows move
to the upper (lower) side.
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FIG. 29 Illustration of the SHE magnetoresistance. (a) When
the magnetization aligns with the polarization of the SHE
spin-current, its back flow reflection generates an ISHE cur-
rent that contributes to the longitudinal current. (b) When
the magnetization is perpendicular to polarization of the SHE
spin-current, the spin-current is absorbed and no ISHE cur-
rent affects the longitudinal current. From Ref. Nakayama
et al., 2013.
The typical experimental results are illustrat d in
Fig. 30, where the bilayer system was YIG/Pt. The mag-
netoresistance traces are measured as a function of the
magnetization angle in the x-y plane parallel to the inter-
face, and i the z-y and z-x planes that are perpendicu-
lar to the interface. The measured angular dependencies
are consistent with the SHMR phenomenology described
by Eq. (4.1) and are inconsistent with the AMR expres-
sion (4.2). The theory of the effect was derived by Chen
et al., 2013 based on the scattering formalism and the
spin-charge drift-diffusion equations.
at the interface and dissipated as a spin-transfer torque to
the magnetization, thereby modulating the spin-current
distribution in Pt. Because the current-induced spin accu-
mulation is polarized along the y direction, the polarization
direction of the modulated spin current flowing along z
varies as / m! ðm! y^Þ. This in turn modulates the lon-
gitudinal (applied) electric current as / y^ $ ½m!ðm! y^Þ&¼
m2y(1 and induces a transverse electric current
/ x^ $ ½m! ðm! y^Þ& ¼ mxmy in the y direction due to
the ISHE, where mx and my are the Cartesian components
of m. The prefactors of these dependencies can be com-
puted by spin diffusion theory [15] and quantum mechani-
cal boundary conditions in terms of the spin-mixing
conductance [32], thereby fully explaining the observed
SMR in PtjYIG [26]. The SMR resistivity change can
hence be formulated as
!xx ¼ !0 (!!Sm2y; !xy ¼ !!Smxmy: (1)
This is very different from the AMR phenomenology of
polycrystalline conductive ferromagnets [1]
!xx ¼ !? þ !!Am2x; !xy ¼ !!Amxmy: (2)
In both expressions the resistivity !xx is measured along
the direction of the electric-current flow Je (along the x
direction, cf. Fig. 4), while !xy is the resistivity component
recorded in the sample plane perpendicular to Je (along
the y direction), which typically appears in the magneto-
resistive properties of ferromagnets [1]. !0 is a constant
resistivity offset, !!S and !!A (¼ !k ( !?) are the mag-
nitude of the resistivity change as a function of the mag-
netization orientation, !k and !? are the resistivities for
magnetizations aligned along and perpendicular to Je,
respectively. In Figs. 4(a) and 4(b), we show the evolution
of theMRxx andMRxy ¼ !xyðHÞ=!xxðH ¼ 0Þ in sample 1
as a function of H, applied at different angles ". To
quantitatively evaluate this dependence, we show the
evolution of the MRxx and MRxy as a function of " in
Figs. 4(c) and 4(d), respectively (symbols). The MRxx for
rotations of the magnetization in the plane perpendicular to
the y direction (angle #) and perpendicular to the x direc-
tion (angle $) are summarized in Figs. 4(e) and 4(f), while
Figs. 4(i) and 4(j) show corresponding transport data for
the sample 2. The behavior of the electric resistance
expected from the AMR according to Eq. (2) is shown as
blue curves in these panels, while the SMR predicted by
Eq. (1) is depicted by red curves. The out-of-plane rotation
data are consistently described in terms of the SMR; the
angle-dependent MR data thus show that the MR observed
in experiment indeed is due to the SMR effect. For a
12-nm-thick Pt film with the resistivity 8:6! 10(7 "m
the theory sketched above agrees with the experimental
-100 0 100
H (Oe)
0.01 % α = 0
75°
15°
30°
45°
60°
90°
105°
120°
135°
150°
165°
180°
-100 0 100
H (Oe)
0.01 % α = 0
75°
15°
30°
45°
60°
90°
105°
120°
135°
150°
165°
180°
M
R
xy
 
(%
)
(k)
 α:
y
z
x, Je
α
H
 β:
z
H β y
x, Je
 γ :
z Hγ
y
x, Je
 α, β , γ
-90° 0° 90° 180° 270°
M
R
xy
-1
1
-1
1
-1
0
1
-1
0
1
M
R
xx
(g)
exp. SMR calc.
AMR calc.
(h)
(j)
(i)
MRxx (α) [sample 2]
MRxy (α)
MRxx (γ)
MRxx (β)
-90° 0° 90° 180° 270°
 α, β , γ
-1
1
-1
0
1
-1
0
1
-1
1
M
R
xy
(d)
(e)
(c)
(f)
exp. SMR calc.
AMR calc.
MRxx (α) [sample 1]
MRxy (α)
MRxx (γ)
MRxx (β)
(a) diagonal (b)  off-diagonal
Pt/YIG
Vxx Vxy
M
R
xx
 
(%
)
Pt/YIG
M
R
xx
n
o
rm
n
o
rm
n
o
rm
n
o
rm
FIG. 4 (color). (a), (b) Diagonal and off-diagonal components of the MR in PtjYIG films as a function of in-plane angle ". (c), (d),
(e), (f), (g), (h), (i), ( j) ", $, and # dependence of the normalized MRxx [MR
norm
xx ¼ MRxx=MRxxð" ¼ 0Þ] and MRxy [MRnormxy ¼
MRxy=MRxyð" ¼ (45*Þ] in two different samples, where the angles ", $, and # are defined in (k). The red and blue curves show MR
expect d according to the SMR model and the AMR model, respectively. (c) and (g) show " dependence ofMRxx, (d) and (h) show "
dependence of MRxy, (e) and (i) show # dependence of MRxx, and (f) and (j) show $ dependence of MRxx.
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at the interface and dissipated as a spin-transfer torqu to
the magnetization, thereby modulating the spin-current
distribution in Pt. Because the current-induced spin accu-
mulation is polarized along the y direction, the polarization
direction of the modulated spin current flowing along z
varies as / m! ðm! y^Þ. This in turn modulates the lon-
gitudinal (applied) electric current as / y^ $ ½m!ðm! y^Þ&¼
m2y(1 and induces a transverse electric current
/ x^ $ ½m! ðm! y^Þ& ¼ mxmy in the y direction due to
the ISHE, where mx and my are the Cartesian components
of m. The prefactors of these dependencies can be com-
puted by spin diffusion theory [15] and quantum mechani-
cal boundary conditions in terms of the spin-mixing
conductance [32], thereby fully explaining the observed
SMR in PtjYIG [26]. The SMR resistivity change can
hence be formulated as
!xx ¼ !0 (!!Sm2y; !xy ¼ !!Smxmy: (1)
This is very different from the AMR phenomenology of
polycrystalline conductive ferromagnets [1]
!xx ¼ !? þ !!Am2x; !xy ¼ !!Amxmy: (2)
In both expressions the resistivity !xx is measured along
the direction of the electric-current flow Je (along the x
direction, cf. Fig. 4), while !xy is the resistivity component
recorded in he sample plane perpendicular to Je (along
the y direction), which typically appears in the magneto-
resistive properti s of f rromagnets [1]. !0 is a constant
resistivity offs t, !!S and !!A (¼ !k ( !?) are the mag-
nitude of the resistivity change as a function of the mag-
netization orientation, !k and !? are the resistivities for
magnetizations aligned along and perpendicular to Je,
respectively. In Figs. 4(a) and 4(b), we show the evolution
of theMRxx andMRxy ¼ !xyðHÞ=!xxðH ¼ 0Þ in sample 1
as a function of H, applied at different angles ". To
quantitatively evaluate this dependence, we show the
evolution of the MRxx and MRxy as a function of " in
Figs. 4(c) and 4(d), respectively (symbols). The MRxx for
rotations of the magnetization in the plane perpendicular to
the y direction (angle #) and perpendicular to the x direc-
tion (angle $) are summarized in Figs. 4(e) and 4(f), while
Figs. 4(i) and 4(j) show corresponding transport data for
the sample 2. The behavior of the electric resistance
expected from the AMR according to Eq. (2) is shown as
blue curves in these panels, while the SMR predicted by
Eq. (1) is depicted by red curves. The out-of-plane rotation
data are consistently described in terms of the SMR; the
angle-dependent MR data thus show that the MR observed
in experiment indeed is due to the SMR effect. For a
12-nm-thick Pt film with the resistivity 8:6! 10(7 "m
the theory sketched above agrees with the experimental
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FIG. 4 (color). (a), (b) Diagonal and off-diagonal components of the MR in PtjYIG films as a function of in-plane angle ". (c), (d),
(e), (f), (g), (h), (i), ( j) ", $, and # dependence of the normaliz d MRxx [MR
norm
xx ¼ MRxx=MRxxð" ¼ 0Þ] and MRxy [MRnormxy ¼
MRxy=MRxyð" ¼ (45*Þ] in two different samples, where the angles ", $, and # are defined in (k). The red and blue curves show MR
expected according to the SMR model and the AMR model, resp tiv ly. (c) and (g) show " epe de ce ofMRxx, (d) and (h) show "
dependence of MRxy, (e) and (i) show # dependence of MRxx, and (f) and (j) show $ dependence of MRxx.
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at the interface and dissipated as a spin-transfer torque to
the magnetization, thereby modulating the spin-current
distribution in Pt. Because the current-induced spin a cu-
mulation is polarized along the y direction, the polarization
direction of the modulated spin current flowing along z
varies as / m! ðm! y^Þ. This in turn modulates the lon-
gitudinal (applied) electric current as / y^ $ ½m!ðm! y^Þ&¼
m2y(1 and induces a transverse electric current
/ x^ $ ½m! ðm! y^Þ& ¼ mxmy in the y direction due to
the ISHE, where mx and my are the Cartesian components
of m. The prefactors of these dependencies can be com-
puted by spin diffusion theory [15] and quantum mechani-
cal boundary conditions in terms of the spin-mixing
conductance [32], thereby fully explaining the observed
SMR in PtjYIG [26]. The SMR resistivity change can
hence be formulated as
!xx ¼ !0 (!!Sm2y; !xy ¼ !!Smxmy: (1)
This is very different from the AMR phenomenology of
polycrystalline conductive ferromagnets [1]
!xx ¼ !? þ !!Am2x; !xy ¼ !!Amxmy: (2)
In both expressions the resistivity !xx is measured along
the direction of the electric-current flow Je (along the x
direction, cf. Fig. 4), while !xy is the resistivity component
ecorded in the am l plane perpendicular to Je (along
the y directio ), which typically appears in the magneto-
resistive properties of ferromagnets [1]. !0 is a constant
resistivity offset, !!S and !!A (¼ !k ( !?) are the mag-
nitude of the resistivity change as a function of the mag-
netization orientation, !k and !? are the resistivities for
magnetizations aligned along and perpendicular to Je,
respectively. In Figs. 4(a) and 4(b), we show the evolution
of theMRxx andMRxy ¼ !xyðHÞ=!xxðH ¼ 0Þ in sample 1
as a function of H, applied at different angles ". To
quantitatively evaluate this dependence, we show the
evolution of the MRxx and MRxy as a function of " in
Figs. 4(c) and 4(d), respectively (symbols). The MRxx for
rotations of the magnetization in the plane perpendicular to
the y direction (angle #) and perpendicular to the x direc-
tion (angle $) are summarized in Figs. 4(e) and 4(f), while
Figs. 4(i) and 4(j) show corresponding transport data for
the sample 2. The behavior of the electric resistance
expected from the AMR according to Eq. (2) is shown as
blue curves in these panels, while the SMR predicted by
Eq. (1) is depicted by red curves. The out-of-plane rotation
data are consistently described in terms of the SMR; the
angle-dependent MR data thus show that the MR observed
in experiment indeed is due to the SMR effect. For a
12-nm-thick Pt film with the resistivity 8:6! 10(7 "m
the theory sketched above agrees with the experimental
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norm
xx ¼ MRxx=MRxxð" ¼ 0Þ] and MRxy [MRnormxy ¼
MRxy=MRxyð" ¼ (45*Þ] in two different samples, where the angles ", $, and # are defined in (k). The red and blue curves show MR
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FIG. 30 Magn toresistance curves a a function f the angles
(a) α, (b) γ, and (c) β, illustrated in the right panel. The key
contrast to co ve tional AMR is the trace in (b), where no
dependence is observed, while conventional AMR would give
the sinusoidal form i lus rated in the da hed-blue line. From
Ref. Nakayama et al., 2013.
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D. Spin Hall effect coupled to magnetization dynamics
When the SHE is studied by coupling to magnetiza-
tion dynamics three different FMR-based techniques can
be found: (i) Ferromagnetic resonance – spin pumping
(FMR-SP), (ii) modulation of damping (MOD) experi-
ments, and (iii) spin Hall effect – spin transfer torque
(SHE-STT). The general underlying principle for the
three methods is similar. In a bilayer NM/FM structure,
the FM is used to inject or absorb a dynamic spin-current
into or from the NM. (Note that these studies have been
also extended to replacing the SHE/ISHE generating NM
with another FM or antiferromagnet (Azevedo et al.,
2014; Freimuth et al., 2010; Mendes et al., 2014; Miao
et al., 2013).)
In FMR-SP, a spin-current is injected from the FM
into the NM. The injected spin-current is a pure AC spin-
current which is not accompanied by a charge current but
which nevertheless can be detected electrically since it is
converted into a charge current by means of the ISHE in
the NM (Saitoh et al., 2006). The efficiency of the con-
version process can be quantified by the spin Hall angle.
Since in the process of spin injection angular momentum
is lost in the FM, the FMR-SP leads to a broadening
of the FMR line (Heinrich et al., 2003; Mizukami et al.,
2001; Urban et al., 2001).
In MOD experiments, the direct SHE induced in the
NM by a DC electrical current is used to modify the
damping in the FM which is concomitantly driven into
FMR by the application of an RF magnetic field. In this
approach, the DC spin-current generated by the SHE and
injected across the NM/FM interface leads to a damp-
ing or antidamping-like torque acting on the precessing
magnetization of the FM. Modulation of the damping is
observed as a function of the applied DC charge current
and a detailed line-width analysis allows extraction of the
spin Hall angle (Saitoh and Ando, 2012). Note that the
pure DC spin-current is generated in the bulk of the NM
and that in order to quantitatively determine the spin
Hall angle it is important to know the transmissibility of
the NM/FM interface for the pure spin-current.
In the SHE-STT, a spin-current is used to transfer spin
angular momentum and thus to exert a torque on the
magnetic moments. In these experiments an AC current
sent along the NM/FM interface can create a RF excita-
tion of the magnetization of the FM via the SHE-STT.
In conventional STT junctions, an electrical current is
sent perpendicular to a stack with two FM electrodes to
transfer angular momentum from one FM to the other
FM (Ralph and Stiles, 2008). SHE-STT experiments, on
the other hand, exploit the use of a perpendicular pure
spin-current generated by an in-plane electrical current
in the attached NM via the SHE.
In both the MOD experiments and the SHE-STT, the
torques in the FM that are generated by the SHE in
the NM would be in addition to the ISGE-related SOTs
present at the inversion asymmetric FM/NM interface
(Freimuth et al., 2013; Garello et al., 2013; Kurebayashi
FIG. 31 A spin-current is generated by SP at the FM/NM
interface (grey arrows). The time dependent spin polariza-
tion of this current (indicated as a dark grey arrow) rotates
almost entirely in the y − z plane. The small time averaged
DC component (yellow arrow) appears along the x axis. Both
components lead to charge currents in NM and can be con-
verted into AC and DC voltages by placing probes along the
x and y direction, respectively. From Ref. Wei et al., 2014.
et al., 2014). Hence, in these experiments the spin Hall
angle is in reality a parametrization of the total torques
generated by the currents and therefore it should be con-
sidered instead as the effective spin Hall angle for the
specific bilayer system.
In the rest of the section we expand on the details and
recent results of each of these FMR-based techniques.
FMR-SP is the more widely used technique to measure
the effective spin Hall angle thus we detail this technique
more extensively.
1. Ferromagnetic resonance spin pumping
As described in the theory section (Sec. III.D),
Tserkovnyak et al., 2002a, 2005 have shown that the pre-
cessing magnetization in a FM generates a spin-current
strictly at the FM/NM interface, as sketched in Fig. 31.
The spin-current generated at the interface propagates
into the NM and consequently decays on a length scale
connected to the effective spin diffusion length λsd of the
NM. As mentioned in the theory section, we note that
the term effective is used here, since the determination
of the spin diffusion length for a NM interfaced with a
FM may also be connected to spin memory loss and prox-
imity polarization at the interface. In the case of Pt and
Pd in contact with a FM metal, proximity effects are
well known from x-ray magnetic circular dichroism ex-
periments.
The direction of the injected pure spin-current points
from the FM to the NM and its polarization is time-
dependent. Its projection onto the static magnetization
direction of the FM leads to a small DC component of
the injected spin-current into the NM. Performing time
averaging one obtains a net DC spin-current given by
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Eq. (4.3) from Sec. III.D:
js,dc =
~ω
4pi
A˜rsin
2Θ,
where ω is the driving RF and Θ is the cone angle of pre-
cession. Here A˜r is the effective SP conductance. If the
thickness of the NM is smaller than the spin-diffusion
length, the build-up of spin accumulation will yield a
back-flow spin-current which will reduce the total spin-
current into the NM. The SP conductance, A˜r, is propor-
tional to the real part of the mixing conductance, dis-
cussed in Sec. III.D, and is reduced by this back flow.
The reduction depends on the ratio τtr/τsf , the reduc-
tion being strongest as this ratio increases. Hence, the
effective spin mixing conductance may become small even
though a pure spin-current is efficiently transferred across
the FM/NM interface. Recently, spin flip scattering near
the FM/NM interface has been divided up into a spin
memory loss occuring directly at the interface (interface
scattering) and the decay of the spin polarization as de-
scribed above (Rojas-Sa´nchez et al., 2014).
The ISHE is used to electrically detect pure spin-
currents generated by the SP (Saitoh et al., 2006), as
shown Fig 32. In spin-orbit coupled NMs like Pt or Pd,
the ISHE converts the pure spin-current into a detectable
charge current given by Eq. (3.34) Sec. III.D:
~jc = αSH
2e
~
~js × ~σ(t).
Here, the vector of the spin-current density ~js points per-
pendicular to the NM/FM interface into the NM. Note
that the vector of the spin-current polarization ~σ(t) is
a time varying quantity, which we do not average here,
since it has now been demonstrated that the AC compo-
nent is also measurable (Wei et al., 2014; Weiler et al.,
2014). In Fig. 32, only the DC component of the spin-
current polarization is depicted.
To measure the effect of the injected spin-current via
ISHE, i.e. to measure the generated charge current, con-
tact electrodes have to be attached to the sample. If the
coordinate system of Fig. 31 is considered, placing elec-
trodes along the y-direction allows detecting the small
DC component of the SP-induced ISHE. In contrast, if
the contact electrodes are attached along the x-direction,
the much larger AC component in the GHz frequency
range can be detected when high frequency lines are used.
In case of DC detection the time averaged DC com-
ponent of the injected spin-current pointing along the
x-direction (yellow arrow in Fig. 31) leads to a charge
current which is converted to a potential drop across the
resistance of the NM and can be measured as a voltage
signal. When performing FMR-SP experiments not only
voltages due to ISHE are generated, but also due to, e.g.,
the AMR or the AHE. Thus, great care has to be taken
to disentangle these contributions.
In the geometry sketched in Fig. 31 the propagation
direction of the spin-current is along z and its polariza-
tion is along x-direction. Equation (3.35) from Sec. III.D
is then used to convert between this spin-current and the
measured voltage.
In the original experiments by Saitoh et al., 2006, the
bilayer is placed in a FMR cavity in which the magnetic-
field component of the microwave mode with frequency
9.45 GHz is maximized while the electric-field compo-
nent is minimized. The voltage probes are placed on the
sides of the millimeter-sized sample (see Fig. 32). A sim-
ilar set-up was used by Azevedo et al., 2011. Here, the
sample is rotatable in the cavity and the cavity (i.e. the
direction of the RF excitation field) is kept fixed with
respect to the DC external magnetic field. This experi-
mental geometry has advantages and disadvantages. The
main advantage is that it is possible to find an in-plane
angle between excitation RF field and angular position of
the voltage probes where the AMR contribution to the
signal vanishes exactly while ISHE is detectable. Sec-
ond, in the in-plane excitation geometry typically used,
the sensitivity is large due to the large in-plane suscepti-
bility at FMR. A major disadvantage is that it is not easy
to perform frequency dependent measurements and that
due to the use of a cavity the exact amplitude of the exci-
tation field, and thus the cone angle of precession which
enters Eq. (4.3) in Sec. III.D, is usually not well known.
Finally, since typically large, millimeter sized samples are
used in the experiments, spurious RF electric fields may
lead to additional contributions due to the AHE. It is
therefore not straightforward to obtain an exact quanti-
tative value of the spin Hall angle from cavity FMR-type
measurements.
In experiments shown in Fig. 32, the measured FMR
spectrum of the NiFe/Pt sample is compared to a refer-
ence NiFe sample (see Fig. 32(b)). The FMR line width
of the NiFe/Pt sample is larger than that of the reference
NiFe film which demonstrates the presence of the SP ef-
fect in the NiFe/Pt. The induced voltage signal measured
simultaneously across the sample along an axis parallel
to the NiFe/Pt interface is shown in Fig. 32(c). Saitoh
et al., 2006 and Ando et al., 2008 demonstrated that the
signal is present only when the spin polarization vector of
the injected spin-current has a component perpendicular
to the measured electric field across the sample, consis-
tent with the ISHE.
Ando et al., 2009 reported electrical detection of a
spin wave resonance in nanostructured NiFe/Pt samples.
Electrical tuning of the spin signal in a semiconductor has
been recently demonstrated also by Ando et al., 2011. In
the experiment, spins were injected from NiFe into GaAs
through a Schottky contact using the FMR-SP. Tuning of
the SP efficiency was achieved by applying a bias voltage
across the NiFe/GaAs Schottky barrier and interpreted
as a consequence of a suppressed or enhanced spin cou-
pling across the interface. The FM/semiconductor SP
experiments in Ref. Ando et al., 2011 were performed
also on samples with an ohmic contact between NiFe
and GaAs. The measurements indicate that the resis-
tance mismatch problem in ohmic metal/semiconductor
spin-injection devices can be circumvented by using the
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FIG. 32 Observation of the ISHE in a metal device with spin
injection from a FM by FMR-SP. (a) Schematic illustration
of the NiFe/Pt sample system used in the study and of the
SP effect and the ISHE. (b) Magnetic field dependence of the
FMR signal for the NiFe/Pt bilayer film and a bare NiFe film.
I denotes the microwave absorption intensity. (c) Magnetic
field dependence of dV (H)/dH for the NiFe/Pt sample. V de-
notes the electric-potential difference between the electrodes
on the Pt layer. From Ref. Saitoh et al., 2006.
FMR-SP technique. Similar experiments have recently
been performed also for spin injection into Si (Ando et al.,
2010b), Ge (Jain et al., 2012) and organic semiconductors
(Watanabe et al., 2014).
A second possibility to quantify the spin Hall angle
has been pioneered by Mosendz et al., 2010a. They use a
microstructured co-planar wave guide (CPW) with inte-
grated bilayer structure on top of the center wave guide.
This geometry allows excitation of FMR in the FM layer
over a wide frequency range while the driving RF field
is in the plane of the bilayer at 90◦ to the long axis of
the several hundred micrometer long device (see Fig. 34).
The use of a wave guide structure allows precise knowl-
edge of the amplitude of the RF fields and thus the cone
angle of the precessing magnetization. Voltage pick-up
at the ends of the wire are used, perpendicular to the
direction of the RF driving field. Mosendz et al., 2010a
applied the external magnetic bias field at an angle of 45◦
to the long axis of the wave guide. In this experimental
geometry both ISHE and AMR signals are detected at
the voltage probes as can be seen directly in the recorded
voltage traces (see Fig. 33).
AMR leads to a parasitic DC voltage signal at FMR
due to the mixing of the time dependent resistivity (AMR
and precessing magnetization) with a capacitively or in-
ductively coupled microwave current I(t) in the bilayer.
The AMR of the bilayer can be taken into account by con-
sidering the orientation of the magnetization with respect
to the current direction: RA = R‖ − R⊥. The general
 
FIG. 33 (a),(b) Derivative of FMR spectra for Py/Pt (blue
open circles) and Py (black triangles). The solid lines are fits
to a Lorentzian FMR absorption function. (c) Voltage along
the samples vs. field DC magnetic field (Py/Pt: blue open
circles; Py: black triangles). Dotted and dashed lines show
the decomposition of the spectrum into a symmetric (ISHE)
and antisymmetric (AMR) contribution. The solid line shows
the combined fit for the Py/Pt sample. From Ref. Mosendz
et al., 2010a.
formula describing the parasitic voltage pick-up due to
the AMR is given by 〈V (t)〉 = 〈I(t)RAαip(t) sin(2ϕH)〉,
(Mecking et al., 2007; Obstbaum et al., 2014) and it fol-
lows that this time-averaged DC voltage is to first order
proportional to the in-plane dynamic cone angle of the
magnetization αip(t). The cone angle of precession can
easily be calculated from the simultaneously measured
susceptibility at FMR in the exactly known geometry of
the CPW structure. The angle ϕH is defined in Fig. 34.
Note that according to Bai et al., 2013b, spurious effects
due to the AMR can be excluded by carefully analyz-
ing the high frequency characteristics of the CPWs used
in the experiments with in-plane excitation, leading to a
quantitative determination of the spin Hall angles.
Another possibility is to place the bilayer in the gap
of the CPW (see Fig. 34). Now the in-plane dynamic
cone angle relevant for the AMR is given by αip(t) =
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χy’y’hx(t) sin(ϕH)+χy’zhz(t). The formula contains both
in-plane and out-of-plane magnetic fields, together with
the corresponding tensor elements of the susceptibility
(χij). Since the out-of-plane field produced by the CPW
is about three orders of magnitude larger than its in-plane
component, one is tempted to simply neglect the terms
arising form the in-plane field. This approach is justi-
fied as long as only a single layer is studied. However, as
soon as a FM/NM bilayer with a highly conductive NM is
used, the inductively or capacitively coupled microwave
current largely flows in the NM and therefore generates
an in-plane Oersted field of the same frequency and phase
and with an amplitude comparable to the RF field gener-
ated by the CPW. Hence the RF current distribution in
the bilayer has a significant effect on the magnetization
dynamics in the FM layer and can even be the dominat-
ing source of DC voltage generation by the AMR (Ob-
stbaum et al., 2014). Using standard electro-magnetic
wave simulation codes, the RF magnetic field contribu-
tion can be calculated rather accurately.
When performing angular dependent measurements,
the symmetric and antisymmetric contributions due to
the ISHE and the AMR can be traced (see Fig. 34(a) and
(b)). While for in-plane excitation the signal shows the
same angular dependence, for the out-of-plane excitation
case the antisymmetric contribution can be suppressed
completely at an angle of ϕH = 0 (see Fig. 34(d)). The
voltage contribution at this angle is thought to arise from
ISHE exclusively and allows quantitative determination
of the spin Hall angle. Note that in these measurements
both symmetric and antisymmetric contributions can be
observed in a bare FM layer when the angle is set to
ϕH = 45
◦ (see Fig. 34(c)).
2. Spin Hall effect modulation of magnetization damping
A MOD experiment that is the inverse of the FMR-
SP was proposed by Ando et al., 2008. In the MOD de-
scribed in Fig. 36, a FM/NM bilayer (in this case Py/Pt)
is placed in a microwave cavity (frequency 9.4 GHz) and
subjected to an RF driving field. By adjusting the exter-
nal field, the bilayer can be brought into FMR. A typical
FMR trace dI(H)/dH is shown in Fig. 36(b). The di-
rection of the external magnetic field encloses an angle
θ with the direction of current flow. Since the mm-sized
sample consists of 10 nm NiFe and 10 nm Pt, the effect of
SP which contributes to the relaxation of the precessing
magnetization can be observed as a line width broad-
ening when comparing to the data obtained for a plain
NiFe film. Fig. 36(c) illustrates the effect of a DC cur-
rent sent through the bilayer sample due to the combined
action of the SHE and STT. Due to the SHE a spin-
current is generated in the Pt layer and enters the NiFe
film. Its flow direction is perpendicular to the interface
and its polarization direction ~σ depends on the direc-
tion of current flow. The spin-current exerts a torque
on the precessing magnetization which either adds to
 
FIG. 34 Symmetric (red dots) and antisymmetric (blue open
squares) voltage signals amplitudes at FMR (at 12 GHz) for a
Py/Pt bilayer as a function of angle ϕH. In (a) the magnetic
excitation field is in-plane placing a Py/NM bilayer on top of
the signal line of a CPW. Both symmetric and antisymmetric
amplitudes obey a sin(ϕH) sin(2ϕH) behavior. (b) The mag-
netic excitation field generated by the CPW is out-of-plane
with respect to the Py/Pt layers. The amplitudes of the an-
tisymmetric part follow a (a sin(ϕH) + b) sin(2ϕH) behavior.
The symmetric part obeys (c sin(ϕH)+d) sin(2ϕH)+e cos(ϕH),
which reflects the fact, that the symmetric part is due to AMR
and ISHE. (c) Voltage at FMR for ϕH = 45
◦, and (d) ϕH = 0◦
for a single Py layer and a PyPt bilayer. From Ref. Obstbaum
et al., 2014.
the damping torque or opposes it. The effect is maxi-
mized when the external magnetic field points perpen-
dicular to the direction of current flow. For the situation
sketched here, the spin-current density can be written as
~js = αSH
~
2e nˆ × ~jc = αSH ~2e
∣∣∣~jc ∣∣∣ σˆ. The effect of the in-
jected spin-current on the precessing magnetization can
be modelled in terms of an additional STT contribution
to the Landau-Lifshitz Gilbert equation (Ando et al.,
2008; Liu et al., 2011) that has to be added on top of
the SP contribution:
~τSTT = −µ0γαSHη ~
2e
jc
µ0M2s dPy
~M ×
(
~M × σˆ
)
(4.3)
Here, dPy is the thickness of the Py layer. For the sake
of simplicity, the factor
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κ = αSHη
~
2e
jc
µ0M2s dPy
(4.4)
is introduced. Note that this factor is dimensionless and
κ < 0 for jc > 0 due to the negative electron charge.
The parameter η defines the so called injection efficiency
and contains the effects of spin-current losses near the
interface. There is no consensus on the exact ingredients
for this parameter, so it could be useful to use η · αSH as
an effective quantity parametrizing the STT efficiency.
 
FIG. 35 (a) A schematic illustration of the MOD experi-
ment to determine the spin Hall angle. H is the external
magnetic field, and Jc represents the applied electric current
density. (b) Magnetic field dependence of the FMR signal
for a NiFe/Pt bilayer film (red) and a pure NiFe film (black).
Note the linewidth broadening for NiFe/Pt due to SP. (c)
Schematic illustration of the spin Hall and the spin-torque
effects. ~M , ~Js, and ~σ denote the magnetization, the flow di-
rection of the spin-current density, and the spin-polarization
vector of the spin-current, respectively. From Ref. Ando et al.,
2008.
Figure 36 shows the MOD experimental findings.
When a current flows through the FM/NM bilayer,
the STT generated by the spin-current traversing the
NM/FM interface due to the SHE alters the FMR line
width when the current flow direction and the external
magnetic field direction enclose an angle of 90◦ while no
effect is observed for collinear orientation, consistent with
the theoretical expectation.
Similar experiments have been performed by Demidov
et al., 2011a,b using Brillouin Light scattering methods.
The key finding in these experiments is the control of the
FMR line width of the FM film by employing the SHE
which generates a pure spin-current in the adjacent NM.
 
FIG. 36 FMR spectra for the NiFe/Pt bilayer measured at
various electric current density values Jc when the magnetic
field direction is (a) 90◦ and (b) 0◦. The inset shows magnified
views around the peaks of the spectra, where the solid and
dashed curves are the FMR spectra measured with electric
current densities Jc and −Jc, respectively. From Ref. (Ando
et al., 2008).
Ultimately, in suitable nanostructured materials, the ap-
plication of a large enough charge current density should
lead to the generation of coherent auto-oscillations in the
FM nano object due to a DC charge current (Demidov
et al., 2012).
3. Spin Hall effect - spin transfer torque
Finally, a third FMR technique has been employed that
allows accessing the spin Hall angle experimentally. Liu
et al., 2011 applied a microwave frequency charge current
in the plane of a NiFe/Pt sample and observed the FMR
in NiFe. Due to the action of the SHE a transverse spin-
current is generated in the NM, in this case Pt, which is
injected into the FM layer. Consequently, an oscillatory
STT acts on the magnetic moments in the FM, induc-
ing precession of the magnetization (see Fig. 37). The
oscillatory magnetiziation in the FM leads to an oscilla-
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tory AMR which in turn leads to an oscillatory resistance.
This high frequency resistance mixes with the RF current
and leads to a detectable DC voltage across the device
which can be picked up using a bias tee (Fig. 37(c)).
In these experiments the external magnetic field is typ-
ically fixed at an angle of 45◦ and swept in the plane
of the films to achieve the FMR condition. In the set-
up, different torques act on the magnetization of the FM
which is aligned along the magnetic field direction as de-
picted in Fig. 37(a). The torques include all the STTs
due to the SHE in the NM, the torque induced by the
Oersted field due to the RF current through the device,
and the torque already modified by SP. We also empha-
size that the torques generated by the SHE in the NM
would be in addition to the ISGE-related SOTs present in
the FM near the interface (Freimuth et al., 2013; Garello
et al., 2013; Kurebayashi et al., 2014).
Landau-Lifshitz-Gilbert equations including all rele-
vant torques can be used to model the DC voltage re-
sponse of the bilayer device and the result shows that the
mixing voltage contains the contributions of symmetric
and anti-symmetric Lorentzian lines (Liu et al., 2011).
According to Liu et al., 2011, the detailed analysis of the
resonance properties of this voltage enables a quantita-
tive measure of the spin-current absorbed by the FM and
of the spin Hall angle. Liu et al., 2011 shows that the ra-
tio of the symmetric and antisymmetric components of
the resonance curve, when scaled properly by material
parameters like the saturation magnetization, thickness
and width of the FM, and the external magnetic field, is
linked to the ratio of spin and charge currents and thus
to the spin Hall angle. The authors emphasize that the
measurement method is (in a reasonable thickness regime
of the FM and the NM) self calibrating since the strength
of the torque from the spin current is measured relative
to the torque from the RF magnetic field, which can be
calculated from the geometry of the sample. The same
method has been applied to various combinations of FMs
and NMs (Liu et al., 2011, 2012; Pai et al., 2012).
Also in these types of experiments the tunability of
the effective damping parameter has been demonstrated
by Kasai et al., 2014; Liu et al., 2011. An example is
illustrated in Fig. 38 for the case of Py/Pt where the
effective damping parameter is shown to be tunable as
a function of the current direction and amplitude (Liu
et al., 2011).
4. Spin Hall effect induced switching of the magnetization
For sufficiently large current densities pushed through
the NM and large spin Hall angles, it is possible to even
reverse the magnetization in a FM nanoelement placed on
top of the NM current carrying line, as has been demon-
strated by Liu et al., 2012 (see Fig 39). In these ex-
periments it is important to use a NM/FM combination
where, when placing the NM in contact with the FM, the
induced damping due to SP remains negligible. This is
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We demonstrate that the spin Hall effect in a thin film with strong spin-orbit scattering can excite
magnetic precession in an adjacent ferromagnetic film. The flow of alternating current through a Pt=NiFe
bilayer generates an oscillating transverse spin current in the Pt, and the resultant transfer of spin angular
momentum to the NiFe induces ferromagnetic resonance dynamics. The Oersted field from the current
also generates a ferromagnetic resonance signal but with a different symmetry. The ratio of these two
signals allows a quantitative determination of the spin current and the spin Hall angle.
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The spin Hall effect (SHE), the conversion of a longitu-
dinal charge current density JC into a transverse spin
current density JS@=2e, originates from spin-orbit scatter-
ing [1–4], whereby conduction electrons with opposite spin
orientations in a nonmagnetic metal [5] or semiconductor
[6] are deflected in opposite directions. Several techniques
[5,7,8] have been developed to determine the magnitude of
the SHE, which is generally characterized by the spin Hall
angle, SH ¼ JS=JC. For thin-film Pt, estimates of SH
obtained using different approaches differ by more than
an order of magnitude [8–10], but already there have been
efforts to utilize the spin current that arises from the SHE,
first to tune the damping coefficient in a ferromagnetic
metal [8], and, most recently, to induce a spin wave oscil-
lation in a ferrimagnetic insulator having small damping
[11]. Here we show that the SHE can be used to excite
dynamics in an ordinary metallic ferromagnet. Our experi-
ment also allows a quantitative determination of the SHE
strength that is self-calibrated as explai ed below.
We study Pt=Permalloy bilayer fil s with a microwave-
frequency (rf) charge current applied in the film plane
(Permalloy ¼ Py ¼ Ni81Fe19). An oscillating transverse
spin current is generated in the Pt by the SHE and injected
into the adjacent Py [Fig. 1(a)], thereby exerting an oscil-
lating spin torque (ST) on the Py t at induces magnetiza-
tion precession. This le ds to an oscillation of th bilayer
resistance due to the anisotropic magnetoresistance of Py.
A dc voltage signal is generated across the sample from the
mixing of the rf current and the oscillating resistance,
similar to the signal that arises from ST induced ferromag-
netic resonance (FMR) in spin valves and magnetic tunnel
junctions [12–15]. The resonance properties enable a quan-
titative measure of the spin curr nt absorbed by the Py.
Our measurement setup is shown n Fig. 1(c). Pt=Py
bilayers were grown by dc magnetron sputter deposition.
The starting material for the Pt was 99.95% pure. Highly
resistive Ta (1 nm) was employed as the capping layer to
prevent oxidation of the Py. The bilayers were subse-
quently patterned into microstrips of 1 to 20 m wide
and 3 to 250 m long. By using a bias tee, we were able
to apply a microwave current and at the same time measure
the dc voltage. A sweeping magnetic fieldHext was applied
in the film plane, with the angle  between Hext and micro-
strip kept at 45 unless otherwise indicated. The output
power of the microwave signal generator was varied from 0
to 20 dBm and the measured dc voltage was proportional to
the applied power, indicating that the induced precession
was in the small angle regime. All the measurements we
present were performed at room temperature with a power
of 10 dBm.
We model the motion of the Py magnetic moment m^ by
the Landau-Lifshitz-Gilbert equation containing the ST
term [16]:
dm^
dt
¼ m^ ~Heff þ m^ dm^dt þ 
@
2e0MSt
 JS;rfðm^ ^ m^Þ  m^ ~Hrf : (1)
FIG. 1 (color online). (a) Schematic of a Pt=Py bilayer thin
film illustrating the spin transfer torque STT , the torque H
induced by the Oersted field Hrf , and the direction of the
damping torque .  denotes the angle between the magneti-
zation M and the microstrip. Hext is the applied external field.
The spin Hall effect causes spins in the Pt pointing out of the
page to be deflected towards the top surface, generating a spin
current incident on the Py. (b) Left-side view of the Pt=Py
system, with the solid line showing the Oersted field generated
by the current flowing just in the Py layer, which should produce
no net effect on the Py anisotropic magnetoresistance.
(c) Schematic circuit for the ST-FMR measurement.
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FIG. 37 a) Schematic of Pt/Py b layer thin film il ustrat-
ing the STT induced by the SHE rising form the RF current
through NM as well as the damping torque and the torque
due to the Oersted field when the magnetization of FM is
aligned in an external magnetic field. b) Shows the dimen-
sions of the sample and the Oersted field due to a current
flowing through FM. c) Depicts the electrical measurement
scheme. Figure from Ref. Liu et al., 2011.
 
FIG. 38 Effective damping as a function of current density
through the Pt layer in a Py(4 nm)/Pt(6 nm) bilayer. From
Ref. Liu et al., 2011.
the case for CoFeB/Ta. On one hand, β-Ta shows a gi-
ant spin Hall angle (Liu et al., 2012)), on the other hand,
enhancement of damping due to SP is not observed in
the CoFeB layer. Furthermore, due to the large resis-
tivity of the CoFeB layer a large portion of the applied
current is pushed through the Ta layer where it produces
the pure spin-current due to the SHE. Another impor-
tant feature is that the bilayer is capped with MgO to
induce a large perpendicular anisotropy in CoFeB. The
thin layer of MgO (1.6 nm) is used as a tunnel barrier be-
tween the thin CoFeB free layer (1.6 nm) and the thicker
CoFeB reference layer (3.8 nm) so that the tunnelling
magnetoresistance (TMR) effect can be used to deter-
mine the relative orientation of their magnetization. The
results of these experiments are summarized in Fig 39
and may be viewed as a paradigm change in the mecha-
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|Ic0.P-AP| ≠ |Ic0.AP-P| due to spin accumulation in
the spin valve and the MTJ magnetoresistance
behavior, respectively. The equivalence of the two
critical currents for a SHE-ST switching device
could be a major technical advantage. From our
measured values of |Ic0| and using Eq. 1 with
m0Meff = 0.76 T (32), we determine JS/Je for
this device to be 0.12 T 0.04 (32), in accord with
our two other spin Hall angle measurements. We
note that our three determinations of JS/Je are
consistent for FM layer thicknesses ranging from
1 to 4 nm and are not sensitive to whether the FM
layer is magnetized in plane or out of plane.
Technology applications. Improvements to
this initial three-terminal SHE device can be very
reasonably expected to result in substantial
reductions in the switching currents for thermally
stable nanomagnets. By reducing the width of the
Ta microstrip to be equal to the dimension of the
long axis of the nanopillar, we can easily decrease
Ic0 by a factor of 3 without affecting thermal sta-
bility. A further reduction in Ic0 could be achieved
by reducing the demagnetization field of the FM
free layer from 700 mT to ≤100 mT (37, 38).
With such improvements, Ic0 could be reduced to
<100 mA, at which point the three-terminal SHE
devices would be competitive with the efficiency
of conventional ST switching in optimized MTJs
(31, 33, 39) while providing the added advantage
of a separation between the low-impedance switch-
ing (write) process and high-impedance sensing
(read) process. This separation solves the reliability
challenges that presently limit applications based
onconventional two-terminalMTJswhile alsogiving
improved output signals. Other three-terminal spin-
torque devices based on conventional spin-filtering
have been demonstrated previously (40–43), but
the SHE-ST design can provide better spin-torque
efficiency and is much easier to fabricate. More-
over, the discovery of materials with even larger
values of the spin Hall angle than in b-Ta could
also add to the competitiveness of the SHE-ST.
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Fig. 3. Spin Hall effect–induced switching for an in-plane magnetized nanomagnet at room
temperature. (A) Schematic of the three-terminal SHE devices and the circuit for measurements. The
direction of the spin Hall spin transfer torque is not the same as in Fig. 1A because the CoFeB layer now
lies above the Ta rather than below. (B) TMR minor loop of the MTJ as a function of the external applied
field Bext applied in-plane along the long axis of the sample. (Inset) TMR major loop of the device. (C)
TMR of the device as a function of applied dc current IDC. An in-plane external field of –3.5 mT is
applied to set the device at the center of the minor loop. (D) Switching currents as a function of the
ramp rate for sweeping current. Red squares indicate switching from AP to P; blue triangles indicate
switching from P to AP. Solid lines represent linear fits of switching current versus log(ramp rate). Error
bars are smaller than the symbol size.
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FIG. 39 SHE induced switching for an in-plane magnetized
nanomagnet at room temperature. (A) Schematic of the
three-terminal SHE devices and the circuit for m asurements.
(B) TMR minor loop of the magnetic tunnel junction as a
function of the external applied field Bext applied in-plane
along the long axis of the sample. (Inset) TMR major loop
of the device. (C) TMR of the device as a function of ap-
plied dc current IDC . An i -plane external field of -3.5 mT
is applied to set the device at the center of the minor loop.
(D) Switching curre ts as a function of the ramp rate for
sweeping current. Red squares indicate switching from an-
tiparallel (AP) to parallel (P) magnetizations; blue triangles
indica e switching fr m P to AP. Soli lines r present linear
fits of switching current versus log(ramp rate). Error bars are
smaller than the symb l size. From Ref. Liu et al., 2012.
nism for switching magne ic nanoel ments in spintronic
devices since here switching is drive be a purely in-plane
electrical current and not via a current p rpendicular to
the layer stack. Similar results have been obtained for
W/CoFeB layers (Pai et al., 2012). One should note that
while the exact value for the spin Hall angle extracted
from these experiments is still under debate, the fact that
switching can be achieved for these devices underpins not
only the technological relevance, but also that a sizeable
SHE (possibly in combination with other ISGE-related
SOTs) must be generated in these structures.
Haazen et al., 2013; Miron et al., 2010, 2011b have
demonstrated similar results in earlier experiment us-
ing ultrathin FM layers. Their devices are based on
the Pt/Co/AlOx system with ultrathin Co layers of a
thickness of only 0.6 nm sandwiched between Pt (3 nm)
and AlOx (1.6 nm). The use of ultra thin Co in con-
tact with Pt leads to a strong perpendicular anisotropy.
When a current is driven through the Pt layer, switching
of the Co magnetization can be observed by monitor-
ing the AHE of the device (see Fig. 40). While in the
original interpretation the driving force for the observed
switching was thought to arise mostly from the Rashba
symmetry ISGE due to the broken inversion symmetry
along the growth direction of the layer stack, detailed
analysis in later three-dimensional vector measurement
 
FIG. 40 Top left: Device schematic and current-induced
switching. Hall cross geometry. Black and white arrows in-
dicate the up and down equilibrium magnetization states of
the Co layer, respectively. Bottom left: Scanning electron
micrograph of the sample and electric circuitry used in the
measurements. Shown are the terminals for the Hall voltage
measurements as well as the current line where a pulsed cur-
rent is applied for the switching experiments. Middle: The
state of the perpendicular agnetization is measured via the
a omalous Hall resistance as a function of applied field, B.
After injection of positive (black squares) and negative (red
circles) current pulses of amplitude Ip = 52.58 mA the Hall
resistance is measured. The data are reported during a single
sweep of B. Right: The measurement schematics and pulse
sequence. From Ref. Miron et al., 2011b.
(Garello et al., 2013) point towards significant contri-
butions from the SHE. Similarly, the interpretation of
the results of current driven domain wall motion exper-
ments in the same type of layer stacks has to be revis-
ited (Miron et al., 2010). Current and even field induced
domain wall motion experiments in layer stacks where
ISGE, SHE, and p oximity polarization of the NM can
contrib te re complicated for interpretation, and disen-
tangling the relative strength of these contributions is not
straightforward. Experimentally, however, it has been
observed that the inclusion of relativistic torques, of ei-
ther the SHE or ISGE origin, leads to a large increase
of domain wall velocities for optimally tuned materials
which is potentially of great technological interest Emori
et al., 2013; Ryu et al., 2013.
Spin-orbit coupling together with broken inversion
symmetry introduces yet another important aspect into
the physics of these systems. To fully understand the un-
derlying mechanisms in these experiments one needs to
take into account also the fact that these domain walls
are chiral due to the Dzyaloshinski-Moriya interaction
present at the FM/NM interface. This opens a new field
connecting spintronics with the skyrmion physics.
We conclude by discussing in more detail that in the
NM/FM bilayer systems the relativistic torques induc-
ing magnetization dynamics are, in general, not only
due to the SHE but the ISGE-induced SOTs may also
contribute (Chernyshov et al., 2009; Fang et al., 2011;
Manchon and Zhang, 2009; Miron et al., 2010). The
ISGE originate from spin-orbit coupling which, combined
with broken inversion symmetry in the crystal, can pro-
duce spin-polarization when electrical current is driven
through a NM. In combination with FMs, the ISGE and
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the SHE can drive magnetization dynamics in devices
with similar geometries. Disentangling these contribu-
tions in NM/FM bilayer systems and engineering them
for maximal effect is at present a highly active field in
spintronics.
However, the discrimination of the SHE and ISGE
based microscopic mechanisms between the field-like and
the antidamping-like torque components is difficult to
achieve for several conceptual reasons. The original theo-
retical proposals (Aronov and Lyanda-Geller, 1989; Edel-
stein, 1990; Malshukov and Chao, 2002) and experimen-
tal observations (Ganichev et al., 2004; Kato et al., 2004c;
Silov et al., 2004; Wunderlich et al., 2004, 2005) of the
ISGE were made in NMs with no FM component in
the structure. The corresponding non-equilibrium spin-
density, generated in the ISGE by inversion-asymmetry
terms in the relativistic Hamiltonian, has naturally no
dependence on magnetization. Hence, in the context
of magnetic semiconductors (Bernevig and Vafek, 2005;
Chernyshov et al., 2009; Endo et al., 2010; Fang et al.,
2011) or FM/NM structures (Manchon and Zhang, 2008;
Miron et al., 2011a, 2010; Pi et al., 2010; Suzuki et al.,
2011), the ISGE may be expected to yield only the field-
like component of the torque ∼ mˆ×ζˆ, where the vector ζˆ
is independent of the magnetization vector mˆ. However,
when carriers experience both the spin-orbit coupling
and magnetic exchange coupling, the inversion asymme-
try can generate a non-equilibrium spin-density compo-
nent of extrinsic, scattering-related (Pesin and MacDon-
ald, 2012; Wang and Manchon, 2012) or intrinsic, Berry-
curvature (Freimuth et al., 2013; Garate and MacDonald,
2009; Kurebayashi et al., 2014) origin which is magneti-
zation dependent and yields an antidamping-like torque
∼ mˆ × (mˆ × ζˆ). Experiments in (Ga,Mn)As confirmed
the presence of the ISGE-based mechanism (Chernyshov
et al., 2009; Endo et al., 2010; Fang et al., 2011) and
demonstrated that the field-like and the Berry-curvature
antidamping-like SOT components can have comparable
magnitudes (Kurebayashi et al., 2014).
The STT is dominated by the antidamping-like com-
ponent (Ralph and Stiles, 2008) in weakly spin-orbit cou-
pled FMs with τex  τs, where τex is the precession time
of the carrier spins in the exchange field of the FM and
τs is the spin life-time in the FM. This, in principle, ap-
plies also to the case when the spin-current is injected to
the FM from a NM via the SHE. However, at finite τs,
the STT also acquires a field-like component (Ralph and
Stiles, 2008). Experiments in W/Hf/CoFeB structures
confirmed the presence of the SHE-based mechanism in
the observed torques and showed that the SHE-STT can
have both antidamping-like and field-like components of
comparable magnitudes (Pai et al., 2014).
In the commonly studied polycrystalline transition-
metal FM/NM samples, the dependence of the torques
on the angle of the driving in-plane current also does
not provide the direct means to disentangle the two mi-
croscopic origins. The lowest order inversion-asymmetry
spin-orbit terms in the Hamiltonian have the Rashba
form for which the vector ζˆ is in the plane parallel to
the interface and perpendicular to the current, inde-
pendent of the current direction. The same applies to
the spin-polarization of the SHE spin-current propagat-
ing from the NM to the FM. The mˆ and ζˆ functional
form of the field-like and antidamping-like SHE-STTs is
the same as of the corresponding SOT components. In
the observed lowest order torque terms in Pt/Co and
Ta/CoFeB structures (Garello et al., 2013) the ISGE-
based and the SHE-based mechanism remained, there-
fore, indistinguishable. The simultaneous observation of
higher order torque terms in these samples pointed to
SOTs due to structural inversion-asymmetry terms be-
yond the basic Rashba model. From the Ta thickness
dependence measurements in the Ta/CoFeB structure it
was concluded that in these samples both the ISGE-based
and the SHE-based mechanisms contributed to both the
field-like and the antidamping-like torques (Kim et al.,
2013).
E. Spin Hall angles
In this subsection we collect within Table III experi-
mental measurements of the SHE in different materials.
The list, in such an active and evolving field, is by no
means exhaustive. As discussed in this experimental sec-
tion, more things are learned about the techniques and
systematic errors are better understood and corrected,
the measurements begin to converge for several materi-
als, particularly for the transition metals.
In this table we show the material, the temperature
the measurement was taken at, the spin diffusion length
either measured or used in the analysis, the conductivity,
the spin Hall angle, the reference of the work and the type
of technique as well as relevant comments.
V. FUTURE DIRECTIONS AND REMAINING
CHALLENGES
We conclude this review with our own personal view of
possible interesting directions and remaining challenges.
As such, this is not entirely scientific and it reflects
merely our own preference and intuition and should only
be taken as such. We apologize for any omissions of the
many interesting possibilities that others may consider.
We only know for certain that such future outlook is
bound to always fail in a field that continues to bring
unexpected surprises.
Transition metals have traditionally played a dominant
role in spintronics both in basic research and, in partic-
ular, in applications. It is therefore not surprising that
the SHE field has gained new momentum when bringing
non-magnetic transition metals in the game. And they
have played their role particularly well. When brought
out of equilibrium by an applied electric field, the SHE
in some non-magnetic transition metals can generate suf-
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T[K] λsd σNM [10
6S/m] αSH (%) Comment Ref.
Al 4.2 455± 15 10.5 0.032± 0.006 NL (Valenzuela et al 2006,2007)
4.2 705± 30 17 0.016± 0.004 NL (Valenzuela et al 2006,2007)
Au 295 86± 10 37 11.3 NL (10-nm thick films) (Seki et al 2008,2010)
295 83 37 3 NL (20-nm thick films) (Seki et al., 2010)
4.5 65∗ 48.3 < 2.3 NL (SHE/iSHE) (Mihajlovic et al., 2009)
295 36∗ 25.7 < 2.7 NL (SHE/iSHE) (Mihajlovic et al., 2009)
295 35± 4 28 7.0± 0.1 NL (Sugai et al., 2010)
295 27± 3 14 7.0± 0.3 NL (0.95 at.% Fe) (Sugai et al., 2010)
295 25± 3 14.5 12± 4 NL (1.4 at.% Pt, 10-nm thick films) (Gu et al., 2010)
295 50± 8 16.7 0.8± 0.2 NL (1.4 at.% Pt, 20-nm thick films) (Gu et al., 2010)
< 10 40± 16 25 1.4± 0.4 NL (Niimi et al., 2014)
295 35± 3∗ 25.2 0.35± 0.03 SP (Mosendz et al., 2010a)
295 35 20 0.25± 0.1 SP (Vlaminck et al., 2013)
295 35± 3∗ 5.25 1.6± 0.1 SP (Hung et al., 2013)
295 35± 3∗ 7 0.335± 0.006 SP (Hung et al., 2013)
295 35∗ 1.1± 0.3 SP (Obstbaum et al., 2014)
295 60 20.4 8.4± 0.7 SP (Wang et al., 2014)
Ag 295 700 15 0.7± 0.1 SP (Wang et al., 2014)
Bi 3 0.3± 0.1 - > 0.3 local, signal decreases with ρN (Fan and Eom, 2008)
295 - 2.4± 0.3(I) −(7.1± 0.8)(I) SP as a function of Bi thickness (Hou et al., 2012)
50± 12(V) 1.9± 0.2(V) volume (V) and interfacial (I) param.
Cu 295 500 16 0.32± 0.03 SP (Wang et al., 2014)
CuIr 10 5− 30 2.1± 0.6 NL (Ir concentrations from 0 to 12 %) (Niimi et al., 2011)
CuMnxTy - 0.7(Ta);2.6(Ir) T = Lu, Ta, Ir, Au, Sb (y ∼ 1− 20× 10−4) (Fert et al., 1981)
1.35(Au);1.15(Sb) Mn (x ∼ 1− 2× 10−4) creates Is
-1.2(Lu) Note factor 2 in the definition of αskewSH Ref. 15 in (Fert and Levy, 2011)
CuBi 10 ∼ 100; ∼ 30 −11 NL (Bi = 0.3%; 0.5%), αskewSH = −(24± 9) on Bi (Niimi et al., 2012)∼ 10;∼ 7 similar in AgBi (Niimi et al., 2014)
n-GaAs 4.2 2200 0.0056 0.15 NL, n ≈ 1017cm−3 (Olejn´ık et al., 2012)
4.2 8500 0.00137 0.08 LSP, n ≈ 1016cm−3 (Ehlert et al., 2012)
30 0.0036 0.08 LSP, n ≈ 3− 5× 1016cm−3 (Garlid et al., 2010)
Ge 2 ≈ −0.001 MR, αSH T-dependent, sign change at ≈ 10 K (Chazalviel, 1975)
295 0.027 0.001; 0.00044 SP, not annealed and annealed values (Rojas-Sa´nchez et al., 2013)
n-InGaAs 30 ∼ 3000 ∼ 0.002 ≈ 0.02 KRM, x = 0.07,n ≈ 3× 1016cm−3 (Kato et al., 2004a)
(Si-doped) 30 0.003-0.005 ≈ 0.1;≈ 0.25;≈ 0.38 LSP, x = 0.03, 0.05, 0.06,n ≈ 3− 5× 1016cm−3 (Garlid et al., 2010)
InSb 1.3 −0.026± 0.005 MR, n ≈ 1014cm−3,µ ≈ 2.2× 104cm2/Vs (Chazalviel et al 1972)
1.3 0.003 MR n ≈ 1014cm−3,µ ≈ 4× 104cm2/Vs (Chazalviel et al 1972)
IrO2 300 3.8(P) 0.5(P);0.18(A) 4(P);6.5(A) NL, polycryst. (P), amorphous (A) (Fujiwara et al., 2013)
Mo 10 10 3.03 -0.20 NL (Morota et al., 2009)
10 10 0.667 -0.075 NL (Morota et al., 2009)
10 8.6± 1.3 2.8 −(0.8± 0.18) NL (Morota et al., 2011)
295 35± 3∗ 4.66 −(0.05± 0.01) SP (Mosendz et al., 2010a)
Nb 10 5.9± 0.3 1.1 −(0.87± 0.20) NL (Morota et al., 2011)
Pd 10 13± 2 2.2 1.2± 0.4 NL (Morota et al., 2011)
295 9∗ 1.97 1.0 SP (Ando et al., 2010b)
295 15± 4∗ 4.0 0.64± 0.10 SP (Mosendz et al., 2010a)
295 5.5± 0.5 5 1.2± 0.3 SP (Vlaminck et al., 2013)
295 2.0± 0.1 3.7 0.8± 0.20 STT+SHE (Kondou et al., 2012)
Pt 295 3∗ 6.41 0.37 NL (Kimura et al., 2007)
5 8 8.0 0.44 NL (λN = 14 nm from spin-absorption) (Vila et al., 2007)
295 7 5.56 0.9 NL (λN = 10 nm from spin-absorption) (Vila et al., 2007)
10 11± 2 8.1 2.1± 0.5 NL (Morota et al., 2011)
10 ∼ 10 8.1 2.4 NL (3D corrected (Morota et al., 2011)) (Niimi et al., 2012)
295 7∗ 6.4 8.0 SP (Ando and Saitoh, 2010)
295 10± 2∗ 2.4 1.3± 0.2 SP (Mosendz et al., 2010a)
295 10∗ 2 4.0 SP (Ando et al., 2011)
295 3.7± 0.2 2.42 8± 1 SP (Azevedo et al., 2011)
295 8.3± 0.9 4.3± 0.2 1.2± 0.2 SP (Feng et al., 2012)
295 7.7± 0.7 1.3± 0.1 1.3± 0.1 SP (Nakayama et al., 2012)
295 1.5− 10∗ 2.45± 0.1 3+4−1.5 SP, spin Hall MR (Hahn et al., 2013)
295 4 4 2.7± 0.5 SP (Vlaminck et al., 2013)
295 8± 1∗ 1.02 2.012± 0.003 SP (Hung et al., 2013)
295 1.3∗ 2.4 2.1± 1.5 SP (Bai et al., 2013b)
295 1.4∗ 12± 4 SP (Obstbaum et al., 2014)
295 7.3 2.1 10pm1 SP (Wang et al., 2014)
295 1.2± 0.1 3.6 2.2± 0.4 STT+SHE (Kondou et al., 2012)
295 3(< 6) 5.0 7.6+8.4−2.0 STT+SHE (Liu et al., 2011)
295 2.1± 0.2 3.6 2.2± 0.8 STT+SHE (Ganguly et al., 2014)
295 2.1± 0.2 3.6 8.5± 0.9 STT+SHE, modulation of damping (Ganguly et al., 2014)
295 2.4∗ 1.2 ∼ 4 spin Hall MR (Nakayama et al., 2013)
295 1.5± 0.5 0.5-3 11± 8 spin Hall MR (variable Pt thickness) (Althammer et al., 2013)
p-Si 295 ≈ 0.01 SP, τs ∼ 10 ps n ≈ 2× 1019cm−3 (Ando and Saitoh, 2012)
Ta 10 2.7± 0.4 0.3 −(0.37± 0.11) NL (Morota et al., 2011)
295 1.9 0.34 −7.1± 0.6 SP (Wang et al., 2014)
295 1.8± 0.7 0.08− 0.75 −(2+0.8−1.5) SP, spin Hall MR (variable Ta thickness) (Hahn et al., 2013)
295 0.53 −(12± 4) STT+SHE (β-Ta) (Liu et al., 2012)
W 295 2.1 0.55 −14pm1 SP (Wang et al., 2014)
295 0.38± 0.06 −(33± 6) STT+SHE (β-W, lower in α-W αSH) (Pai et al., 2012)
TABLE III Experimental spin Hall angles and related parameters. SP=spin pumping, NL=nonlocal, STT+SHE=spin transfer
torque combined with spin Hall effect, MR=magnetoresistance, LSA=local spin accumulation, MR=Magnetic Resonance,
KRM=Kerr rotation microscopy. Values marked with ∗ are taken not measured but taken from the literature.
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ficient flux of spin angular momentum to reorient mag-
netization in an adjacent transition metal FM. Entirely
new concepts for writing information in magnetic tunnel
junctions or domain-wall based spintronic devices have
emerged from this discovered surprising strength of the
SHE in the common and technologically relevant family
of materials.
Ta, W, Ir, or Pt are examples among the non-magnetic
transition metals with large SHE. The strength of the ef-
fect is derived from the large spin-orbit coupling in these
heavy elements. Apart from the new opportunities for
applications, this brings also new challenges for the ba-
sic research of the SHE in transition mentals. We have
mentioned in the review the pitfalls in attempting to mi-
croscopically describe the SHE in structures comprising
heavy transition metals from theories of spin transport in
weakly spin-orbit coupled systems. The proper descrip-
tion and microscopic understanding of the SHE struc-
tures in the strong spin-orbit coupling regime is among
the key remaining challenges in the SHE field.
The flurry of recent SHE studies in transition met-
als may give an impression that the field is forgetting
its semiconductor roots. Robust FMs are typically dense
moment systems and their switching requires comparably
large electrical current densities generating the SHE spin-
current. Highly conductive transition metals are clearly
favorable from this perspective when compared to semi-
conductors. Moreover, the reported spin Hall angles in
semiconductors do not reach the record values in transi-
tion metals.
We nevertheless foresee semiconductors playing vital
role in future SHE research; in particular when consider-
ing spintronics concepts without FMs. In the transition
metal context the SHE is used as an efficient spin-current
generator or detector but these studies rarely consider
spin manipulation in the non-magnetic SHE system. Es-
pecially in the strongly spin-orbit couple heavy metals,
the spin diffusion length is of the order of nanometers,
too short for implementing any spin manipulation tools
along the non-magnetic transport channel. For semicon-
ductors, on the other hand, we have mentioned in the
review several examples of electrical manipulation of the
output SHE signal. A gate electrode can be used to
control coherent spin precession along the channel, addi-
tional drift current was shown to modify the spin-current
profile along the channel, or non-linear inter-valley trans-
port can strongly enhance the spin Hall angles bringing
the values close to their heavy metal counterparts.
The physics is, however, no different in principle be-
tween metals and semiconductors. Large SHE requires
large spin-orbit coupling which, on the other hand, tends
to suppress spin coherence/diffusion length. Semicon-
ductors with their simpler electronic structure and model
spin-orbit fields offer unique ways how to get around this
problem. As has been already demonstrated, a proper
tuning of the Rashba and Dresssehaus spin-orbit fields
can significantly enhance spin coherence in the presence
of strong spin-orbit coupling. Experiments outside the
SHE field have recently made major progress in control-
ling these two canonical spin-orbit fields in common semi-
conductor structures and we envisage new developments
in semiconductor SHE devices utilizing the coherent spin-
manipulation techniques.
Combining optical selection rules with SHE makes
semiconductors also favorable materials for exploring new
concepts in opto-spintronics. These may include opti-
cal spin-torque structures, electrical polarimeters, spin-
photovoltaic cells, switches, invertors and interconnects.
The opto-spintronic subfield of the SHE research is still
at its infancy and we expect growing activity in this di-
rection in the future.
The fascinating feature of the SHE is that it can gen-
erate a large spin-current, and a resulting large spin-
accumulation by bringing weakly out of equilibrium a
non-magnetic system. It is, therefore, natural that non-
magnetic materials have been traditionally in the cen-
ter of interest of the SHE research. However, limit-
ing ourselves to paramagnetic or diamagnetic materi-
als, whether metallic or semiconducting, is not necessary
when considering the spin Hall phenomena. Recently,
several transition metal FMs and antiferromagnets were
demonstrated to act as efficient ISHE spin-current detec-
tors which opens a new broad area of future materials
research in the SHE.
It also brings us back to the opening paragraphs of this
section where we mentioned SHE-induced spin torques
in NM/FM heterostructures. Since in strongly spin-orbit
coupled systems these torques are limited to a few atomic
layers around the NM/FM interface, and considering
the likely material intermixing at the interface, it is not
meaningful to speak strictly about a non-magnetic layer
SHE in these structures. The difference than becomes
blurred whether including magnetism via intermixing or
proximity polarization at hetero-interfaces, or directly
considering the SHE in bulk FM or antiferromagnetic
materials. Within this notion, an important challenge
arises not only for the normal-metal/magnet interfaces
but also for monolayer magnets to identify the micro-
scopic origin of the observed spin torques. It remains an
open question whether the current induced torques in the
magnet are better linked to a SHE-induced spin-current
origin or to one of the variants of the ISGE-induced non-
equilibrium spin-polarization. Resolving these contribu-
tions is an important academic exercise with potentially
large implications for the utility of these spin-orbit cou-
pling phenomena in spintronic information technologies.
We conclude by emphasizing that the field of SHE does
not live in a vacuum. Its interconnects to other emerging
fields, e.g. topological insulators and spin-caloritronics,
makes its growth and possibilities very difficult to predict
since many things that we have discussed here and that
have emerged from its link to these fields were not known
or expected a few years ago. It is a rapid evolving field
that produces discoveries at a neck breaking speed and
we all look forward to its exciting future.
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2DHG: Two-dimensional hole gas
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